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Signal transduction via guanine nucleotide binding proteins (G proteins) is involved in cardiovascular,
neural, endocrine, and immune cell function. Regulators of G protein signaling (RGS proteins) speed the
turn-off of G protein signals and inhibit signal transduction, but the in vivo roles of RGS proteins remain
poorly defined. To overcome the redundancy of RGS functions and reveal the total contribution of RGS
regulation at the Go;, subunit, we prepared a genomic knock-in of the RGS-insensitive G184S Gnai2 allele. The
Ga;,%"®*S knock-in mice show a dramatic and complex phenotype affecting multiple organ systems (heart,
myeloid, skeletal, and central nervous system). Both homozygotes and heterozygotes demonstrate reduced
viability and decreased body weight. Other phenotypes include shortened long bones, a markedly enlarged

spleen, elevated neutrophil counts, an enlarged heart, and behavioral hyperactivity. Heterozygous Go;,

+/G184S

mice show some but not all of these abnormalities. Thus, loss of RGS actions at Go;, produces a dramatic and
pleiotropic phenotype which is more evident than the phenotype seen for individual RGS protein knockouts.

Cell-cell communication is fundamental to the maintenance
of homeostasis. The G protein-coupled receptor superfamily is
arguably the most abundant and diverse protein family in cel-
lular signaling and is tightly regulated. A novel family of >20
proteins termed regulators of G protein signaling, or RGS
proteins, both tonically inhibit G protein function and also serve
as signal control points (2, 22, 34, 39, 69). RGS-mediated inhibi-
tion of G protein signaling occurs through direct binding of the
RGS protein to the Ga subunit, with subsequent GTPase-accel-
erating protein (GAP) actions to rapidly deactivate Ga (2).
Deactivation may be accelerated up to 1,000-fold and shuts
down both Ga and GRvy signals (42, 48). RGS proteins may
also competitively inhibit Ga binding to effectors such as phos-
pholipase C (32). Most of the currently known RGS proteins
interact with either Gi or Gq family G proteins and influence
cyclic AMP (cAMP), Ca®", mitogen-activated protein kinase,
and ion channel signaling. There is strong evidence implicat-
ing them in the subsecond kinetics of G;- and G -mediated
ion channel activation and deactivation in the heart (10, 21,
36) and neurons (36). In addition, the conserved RGS do-
main has been found to serve as a multifunctional protein
adapter which can recruit many effectors or regulators to the
vicinity of activated G proteins (31, 53, 62). Notable exam-
ples include p115rhoGEF (30, 40) and GRK2 (44). There is
also emerging interest in RGS proteins as drug targets (9,
20, 53, 72).

However, the physiological functions of RGS proteins re-
main poorly defined. A number of RGS knockouts have been
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reported (for example, RGSI, -2, -4, and -9). The RGS9-1
knockout shows prolonged visual potentials (7), and RGS9-2
disruption results in markedly enhanced responses to drugs of
abuse, such as cocaine, amphetamines, and opiates (56, 71). A
human disorder, bradyopsia, with reduced visual acuity for
rapidly moving objects, has been identified with loss of RGS9-1
or its membrane anchor (54). The RGS2 knockout was initially
reported to have only subtle behavioral and immunologic phe-
notypes but was subsequently found to be markedly hyperten-
sive (33). RGS4 (26) and RGS1 (28, 46) knockouts have subtle
effects on sensorimotor functioning and lymphocyte trafficking,
respectively. One difficulty in unraveling the function of RGS
proteins has been the complex interactions of the many sub-
types of both G proteins and RGS proteins. This redundancy
of RGS function limits an understanding of the RGS role in
vivo, since standard antisense or knockout strategies targeting
a single RGS gene will underestimate the overall role of RGS
proteins.

To determine the full contribution of RGS proteins as a
group to biological responses mediated by a particular G pro-
tein (e.g., G, and G;), we took advantage of a G alpha-subunit
point mutation first found in the yeast Saccharomyces cerevisiae
(19) that prevents RGS binding to the Ga subunit and GAP
activity. The analogous mutation (Gly*®* to Ser) in mammalian
Ga,, and Ga;; prevented the GAP activity of RGS4 and RGS7
and blocked RGS4 binding to aluminum fluoride-activated Ga
subunits (41). These mutations do not affect other functions of
the Ga subunit, such as the intrinsic GTPase activity of the G
protein or its coupling to By subunits, receptors, GRK, or
effectors (adenylyl cyclase [AC]) (18, 25). Thus, the only known
effect of the G184S mutation in Ga, and Ge; is to prevent
RGS action on Ga. Several publications using overexpression
of these RGS-insensitive Ga subunits revealed profound slow-
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ing of channel response kinetics and/or increased potency of
agonist responses in neurons (8, 11-13, 37).

Signaling by the Gi family of “inhibitory” G proteins is
complex. While they inhibit adenylyl cyclase, G; proteins can
also activate or inhibit many other effectors through either the
GTP-bound Ge; or the By subunit released upon activation.
Indeed, By is commonly implicated in G; signaling and so,
unlike Ga, and Ga,, overexpression of mutant Ge; proteins
will not fully mimic the response. Specifically, GBvy inhibits
N-type Ca®* channels and activates G protein-coupled in-
wardly rectifying K* (GIRK) channels, phospholipase C B,,
and phosphatidyl inositol 3-kinase v isoforms (17, 51). In ad-
dition, By released from G; can activate ERK through complex
and cell-type-specific mechanisms (55). Along with Gq, the Gi
family of G proteins is most strongly regulated by RGS pro-
teins, and expression of Ga;, is ubiquitous. Surprisingly,
knockouts are viable (58), perhaps due to redundancy with
related Ga subunits (Ga;; and Gays).

In the present study, we prepared a genomic knock-in of the
RGS-insensitive Gay,%'#*S allele to assess the role of RGS pro-
teins in the function of Ga, and to probe the physiological func-
tions of Gay,. A knock-in was used instead of a transgenic model
to maintain the normal distribution and level of Gu;, protein
expression. Since the mutant Ga;,'3*S protein can’t be turned off
by RGS proteins, we expected that in any tissue with functional
RGS activity at Ga;,, we would see enhanced, but receptor-de-
pendent, Gy, activity. Indeed, the Ga,,'8*%S184S homozygous
mutant mice showed enhanced signaling and a dramatic and
pleiotropic physiological phenotype, including reduced viability,
low birth weight, growth retardation, cardiac hypertrophy, en-
larged spleen, elevated neutrophil and monocyte counts, and be-
havioral hyperactivity, while heterozygotes showed some ele-
ments of the phenotype.

MATERIALS AND METHODS

Materials. Pertussis toxin (PTX) was from List Biological Laboratories
(Campbell, CA), forskolin was from Calbiochem (LaJolla, CA), and isobutyl-1-
methylxanthine, ATP, cAMP, and lysophosphatidic acid (LPA) were from Sigma
(St. Louis, MO).

Generation of Ga;, mice. All protocols and procedures were ap-
proved by the University Committee on Use and Care of Animals, and animal
care was overseen by the Unit for Laboratory Animal Medicine (University of
Michigan). The production of the Ga,G'845/G1845 mice has been described in
detail in the supporting online material of Fu et al. (24). Briefly, the targeting
construct pTKLNL/Ga;,% ¥4 harbors a 5’ sequence encoding thymidine kinase
followed by a 13.8-kb Ga;, genomic sequence that is divided into two regions of
Gaj, homology (6.7 and 7.1 kb in size) surrounding a loxP-flanked neo cassette.
Homologous recombination between the targeting construct and the targeted
locus leads to a modified Ga;, gene (Fig. 1A) that contains the positively select-
able gene neo and the G184S missense mutation located in exon 5, encoded by
a GGC—TCG change, which also adds a diagnostic Pvul restriction site. Tar-
geted CJ7 embryonic stem (ES) cells derived from 129S1/SvImJ (64) were mi-
croinjected into C57BL/6NCrl X (C57BL/6J X DBA/2J)F; mouse blastocysts to
generate ES cell-mouse chimeras. Mutant mice (Ga;, */G1845n¢0) were generated
by crossing male chimeras with C57BL/6J female mice. Germ line transmission
of the G184Sneo allele was identified by Southern blot detection of a 12-kb Sacl
band (Fig. 1B, middle lane) due to insertion of the neo cassette, while the
wild-type (wt) allele shows a 10-kb band (Fig. 1B, left lane). Female heterozygous
mice (Gay, /G1845n¢0) were crossed with C57BL/6J-TgN(Zp3-cre)93Knw mice
(Jax; stock no. 003651) (43) to delete the neo cassette. After one more cross with
C57BL/6J mice, the offspring had lost the neo cassette, as shown by Southern
blotting (Fig. 1B, right lane) and by PCR with primers ¢ and d flanking the
remaining loxP site (Fig. 1A): ¢, 5'-CAC ACT TCA CCT TCA AGG AC-3'; d,
5'-CTG ATG CCT AGG TGA CAG AC-3'. The wild-type allele (no loxP)
produces a band of 181 bp while the inserted loxP leads to a band at 361 bp (Fig.

G184S/G184S
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1C), and the intact loxP-neo-loxP allele is not detected due to the large size of the
product. To ensure that the G184S mutation was carried along with the neo or
loxP markers, mouse tail genomic DNA was screened by PCR amplification
followed by Pvul digestion of the product. The forward primer a was 5'-GGA
GCGCATTGCACAGAG-3', and the reverse primer b was 5'-GCAGCTATG
GCCCTTAAC-3' (Fig. 1A). The appearance of the 140-bp product after Pvul
digestion indicates the presence of the G184S mutation (Fig. 1D).

Animals. Heterozygous (Ga;, */C184S) mice used in this study had been back-
crossed for 4 to 7 generations onto the C57BL/6J strain. The homozygous
(G, O1848/G1845) mjce were generated by heterozygote crosses. Animals were
maintained on a 12-h light/12-h dark schedule and fed standard laboratory chow
and water ad libitum. Age- and gender-matched littermates were used for all
experiments. All mice used in this study were between 13 and 22 weeks of age,
and the number of mice for each study is indicated in the figure legends.

Tissue and blood analyses. Mice were sacrificed by CO, inhalation in the
morning at 20 to 22 weeks of age to obtain either blood or tissue samples. Blood
was collected from the orbital sinus into EDTA dipotassium salt-coated micro-
tubes (Sarstedt Aktlengesellschaft & Co., Germany). Tissues were removed,
weighed, frozen in liquid nitrogen, and stored at —70°C until processed for
analysis. The femur and tibia were dissected, and the length and width were
measured using calipers. A complete blood count with differential count was
performed by the Animal Diagnostic Laboratory Unit for Laboratory Animal
Medicine of the University of Michigan.

G protein expression. Tissue was taken rapidly from animals killed by CO,
inhalation. Heart, liver, and brain tissues were snap-frozen using liquid nitrogen
and stored at —80°C. Extracts of tissues from control or Ga;,S'845/G184S mice
were prepared as described by Koch (38), and an equal amount of protein (40 to
100 pg) from paired controls was fractionated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and immunoblotted with a Ga;,-specific anti-
serum (J883) (49, 50) kindly provided by Susanne Mumby (University of Texas
Southwestern Medical Center). The blots were then stripped and reprobed with
an anti-G-protein B-subunit antibody (sc-378; Santa Cruz Biotechnology) as a
control for protein loading.

MEF culture. Mouse embryonic fibroblast (MEF) lines were isolated by
trypsinization of separate embryos at embryonic day 13.5 as described elsewhere
(66). Homogenous cell suspensions were maintained and expanded at 37°C in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL) sup-
plemented with 10% (vol/vol) bovine serum (Gibco BRL). A 3T3 protocol (66)
was performed to establish cell lines; that is, every 3 days, cells were trypsinized
and counted, and 3 X 10° cells were plated per 60-mm dish. Three each of the
Gay, wild-type, heterozygous (+/G184S), and homozygous (G184S/G184S) cell
lines were established.

Whole-cell cAMP production. cAMP production in MEF cells (see “MEF
culture,” above) was determined in 24-well plates as described by Wade et al.
(68), and inhibition by LPA was assessed. Briefly, MEF cells (passage 5 and
below) were plated at 20,000 cells per well and incubated with 1 wCi/well
[®H]adenine for 18 to 20 h. Cells were washed once with DMEM, and cAMP
accumulation was initiated by adding DMEM containing 1 mM isobutyl-1-meth-
ylxanthine and 10 wM forskolin with the indicated concentrations of LPA. After
30 min at 37°C, acid-soluble nucleotides were collected and separated on Dowex
and alumina columns as described previously (60).

ERK and Akt phosphorylation. MEF cells (passage 30 or above; see “MEF
culture,” above) were seeded in six-well culture plates and incubated at 37°C in
a humidified incubator containing 5% CO, in air until ~80% confluent. Cells
were then incubated with DMEM supplemented with 0.5% fetal bovine serum
overnight to minimize basal Akt and ERK phosphorylation. For PTX treatment,
100 ng/ml PTX was included during the overnight serum starvation. After acti-
vation with the indicated concentrations of LPA for 7.5 min, medium was re-
moved, and cells were washed with cold phosphate-buffered saline before addi-
tion of phospho-homogenization buffer (20 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 1 mM Na,EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM Na;VO,, and 1 wg/ml leupeptin). Homogenates were
scraped into 1.5-ml tubes and centrifuged (13,793 X g, 20 min, 4°C), and super-
natants were retained for phosphoprotein analysis. Samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 12% gels and
transferred to Immobilon-P, probed with monoclonal antibodies against phos-
pho-ERK1/2 (Thr202/Tyr204; Cell Signaling Technology, Beverly, MA) and
phospho-Akt (Ser473; Cell Signaling Technology), and visualized with chemilu-
minescence. Bands were quantitated on a Kodak Image Station 440CF and
analyzed with the Kodak 1D Image Analysis software. The blot was subsequently
stripped and reprobed with ERK- and Akt-specific antibodies (Cell Signaling
Technology) to assess total kinase expression. Ratios of phosphorylated versus
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FIG. 1. Gene targeting strategy and biochemical and genetic confirmation. (A) Targeted Goy, genomic fragment. Top: Mouse
Ga,,81845m0 genomic fragment after homologous recombination. Homologous recombination incorporates the G-to-S mutation into the genomic
DNA along with a diagnostic Pvul restriction site and a neo resistance gene flanked by loxP sites inserted in intron 5, 116 bp from the point
mutation. Bottom: Scheme for removal of the neo cassette. Female heterozygous mice (Gay, /¢18457¢°) were mated with male C57BL/6J-TgN(Zp3-
cre)93Knw mice. After two generations, the neo cassette is eliminated. (B) Homologous recombination and neo removal demonstrated by Southern
blot analysis in ES cells. In Sacl digests, a 5" Southern blotting probe recognizes two bands for the targeted heterozygous (+/G184Sneo) cells
(middle lane) by the appearance of a 12-kb G184Sneo band, whereas only a 10-kb band is present in wild-type (+/+) cells (left lane) and cells
transfected with a cre recombinase plasmid (right lane). Similar results were seen in the offspring (+/G184S) that had lost the neo cassette. (C) PCR
screening confirms the in vivo loss of the neo cassette with primers (c and d) flanking the two loxP sites. For both heterozygous and homozygous
mouse tail genomic DNA, a 361-bp band was generated due to the single residual LoxP site and the short linker remaining in the Ga;, gene after
Cre-recombinase action. The G184Sneo allele is not detected due to the large size of the PCR product. (D) Confirmation of the G184S mutation
in mouse tail DNA. A PCR fragment amplified with primers (a and b) flanking the G184S mutation was subjected to Pvul digestion and sequencing
to confirm the presence of the mutation. (E) Western blotting of Ga;, from protein extracts from heart, liver, and brain of a wild-type and a
homozygous Gay,S184/G184S mouse. The membrane was stripped and reblotted with a GB antibody as a loading control. This blot is representative
of three different protein preparations.

total kinase are averages of three separate samples which were run and blotted anesthesia. After surgery, mice were allowed to recover for 14 days. Physical
under identical conditions. activity index, electrocardiographic traces, and body temperature were recorded

Telemetric measurement of heart rate and activity. A biocompatible ETA-F20 for 5 min every hour for 72 h via telemetry in individually housed, nonanesthe-
radiotransmitter (Data Sciences International, St. Paul, MN) was implanted tized, freely moving animals. Data were acquired and analyzed using Dataquest

intraabdominally into male mice (about 20 g body weight) under isoflurane AR.T. 3.1 software (Data Science International).
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Echocardiography. Mice were sedated with 1.5% isoflurane and placed in a
supine position. Two-dimensionally guided M-mode recordings were obtained by
an experienced operator as previously described (4). Scans were from a short-axis
view at the level of the papillary muscles with either an Acuson Sequoia system
with an Acuson 15-MHz linear-array transducer or a GE Vivid 7 system with a
GE S10-MHz phased-array transducer (General Electric).

Statistical analyses. Comparisons of individual group means used a two-tailed
Student’s ¢ test. Two-way analysis of variance (ANOVA) with Bonferroni post-
test was used to compare multiple data sets. All statistical calculations were done
using GraphPad Prism version 4 (GraphPad Software Inc., San Diego, Calif.).

RESULTS AND DISCUSSION

Ga;,°"®*S knock-in mice are viable but at low rates. To
elucidate the in vivo role of RGS proteins in the function of
Ga;,, genomic knock-in mice carrying the RGS-insensitive mu-
tant Ga;,°'8*S allele were generated. The mutant mice show
early lethality, as the genotypes do not appear in the expected
Mendelian ratios (Table 1). Both homozygous and heterozy-
gous Ga,, 8% mice obtained from heterozygote crosses are
underrepresented at weaning (3 weeks of age) (Table 1). There
are only one-third as many homozygotes (G184S/G184S) as
wild type (+/+), and even the heterozygotes (+/G184S) are
found at a frequency lower than expected (1.33 times the +/+
frequency, rather than twice their number). The deviation
from the expected ratio is highly significant (x> of 47.5, df 2;
P < 0.0001). The reduced proportion of +/G184S mice from
+/G184S X +/G184S matings (1.33 times the number of +/+
littermates instead of 2 times; x* of 13.6, df 1; P < 0.0002)
probably involves both fetal and maternal contributions, as
the +/+ X +/G184S matings show only a small and not sta-
tistically significant reduction in heterozygote offspring (0.86 of
wt). Furthermore, there is some neonatal lethality, as we have
seen evidence of fetal resorption (both resorbed fetuses were
G184S/G184S genotype) and reduced numbers of homozy-
gotes in embryonic day 13.5 MEFs (10:16:4 for +/+, +/G184S,
and G184S/G184S). While the low number of homozygous
embryos is not statistically significant due to the small n, the
proportions (1.6X +/+ for +/G184S and 0.4X +/+ for G184S/
G184S) are quite similar to those seen at weaning. The pres-
ence of a phenotype in heterozygotes as well as in homozygotes
is expected given the gain-of-function nature of the G protein
mutation. It is also consistent with our previously reported
findings in cardiocytes differentiated from ES cells, where the
Ga,, /S84 heterozygotes showed strongly enhanced negative
chronotropic responses to the Al adenosine agonist PIA (25).
The phenotype of mutant mice is not due to changes in the
level of expression, since Ga;, protein amounts are compara-
ble in heart, liver, and brain of wild-type and homozygous
Ga, S 1845/G184S mice (Fig. 1E).

Enhanced signaling through the Gi-coupled LPA receptor in
Ga;,%"**S mouse embryonic fibroblasts. To assess the bio-
chemical function of the mutant Ga;,, MEFs derived from
wild-type, heterozygous, and homozygous littermate embryos
were prepared. LPA inhibits AC and acts as a strong mitogen
towards fibroblasts and other cell types via pertussis toxin-
sensitive processes (63). LPA-mediated inhibition of AC was
measured in embryonic fibroblasts derived from both the ho-
mozygous and heterozygous mice (Fig. 2A). Forskolin-stimu-
lated AC was unchanged (data not shown), but LPA-mediated
inhibition was enhanced. Maximum inhibition of forskolin-
stimulated AC by LPA was 37% for wild-type MEFs and 52%
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TABLE 1. Genotype frequencies of Gay, ™13 X Gay, /O84S matings®

Gai2+/G184S X Gai2+/G184S Gai2+/G184S X C57BL/6J

Genotype b % with genotype® b % with genotype®
(ratio to +/+) (ratio to +/+)
+/+ 145 37.5 (1.00) 37 53.9 (1.00)
+/G184S 193 49.9 (1.33) 33 46.1 (0.86)

G1845/G184S 49 12.7 (0.34)

“The number (and ratio to +/+) of animals with the indicated genotype at
weaning (3 weeks) is shown. Gy, 7184 mice for the Ga;, /G184 X Gayy, /61848
cross are from the N4 generation against C57BL/6J. Gay, ™/91%4S mice from the
Gay, H/G184S 5 C57TBL/6J cross are N5 against C57BL/6J.

> Number of animals in each genotype includes both males and females; there
was no difference in sex ratio distribution.

¢ The observed proportions of the three genotypes from Gay,
Gay, /91845 matings are highly significantly different from the expected 1:2:1
proportions (x?, 47.5; P < 0.0001). The ratio of +/+ to heterozygotes (+/G184S)
from the +/G184S X +/G184S crosses (1:1.33) is also significantly different (2,
13.6; P < 0.0002). However, heterozygotes from the Ga;,*/G1845 X C57BL/6J
cross are slightly reduced but not significantly.

+/G184S X

and 54% for Ga, /9% and Ga;,O'8*CG184S  regpectively
(n=61t09; P <0.05, t test). In contrast to results for adeno-
sine and carbachol signaling in ES-derived cardiocytes with this
mutation (24), there was no significant shift in the 50% effec-
tive concentration for LPA-mediated AC inhibition (71, 95,
and 80 nM for +/+, +/G184S, and G184S/G184S, respec-
tively), and so the only change was in the maximum response.

We also examined Akt and ERK activation in response to
LPA. There is a modest LPA-mediated stimulation of Akt
phosphorylation in wild-type MEFs, but this is markedly in-
creased in both Ga;, /9% and Ga,,“'849/5184S MEFs (Fig.
2B and C). In contrast, ERK activation by LPA was only
slightly enhanced by the Ga;,“'%*S allele, if at all (Fig. 2D).
Interestingly, previous studies failed to show LPA-induced ac-
tivation of Akt in Rat-1 embryo fibroblasts (6) and showed only
a modest enhancement in NIH 3T3 cells (23), and so the
dramatic effect in our mutant cell lines is striking. For Akt,
there was also a small increase in basal phosphorylation (when
assessed as a ratio of P-Akt to Akt), but this was not statisti-
cally significant. It may be due to residual LPA present even at
low (0.5%) serum concentrations. Importantly, the enhance-
ment of Akt activation by LPA in the mutant cell lines was
blocked by PTX pretreatment, while PTX did not significantly
affect stimulation in the wt cells. Thus, Akt activation by LPA
receptors and Gy, is strongly regulated by RGS proteins, and in
the absence of RGS effects on Ga;, there is a shift from a
non-PTX-sensitive process to a predominantly Gi-mediated
Akt activation in the mutant cell lines.

The effects of Ga;, with the G184S mutation differ from
those of the constitutively active GTPase-deficient Ga, 22"
allele in two respects. First, our Ga,;, 84S is still under control
of receptors, and so it provides a hyperactive but more physi-
ological stimulus pattern. Second, By signaling is also en-
hanced with Ga;,'**3, since loss of RGS-mediated GAP ac-
tivity leads to a prolonged Ga-GTP state with a concomitant
increase in free or active By, while expression of the Ga,,22%°"
mutant should not increase the amount of free By but only
produces stimuli mediated by the Ga subunit. Consistent with
this, we found that receptor-dependent Gi regulation of both
adenylyl cyclase and Akt in MEFs was significantly enhanced
by either one or two copies of this Ge;,'#*S mutation, with the
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FIG. 2. Biochemical phenotype of Go;, mouse embryonic fi-
broblast cells. (A) Lysophosphatidic acid inhibition of forskolin-stim-
ulated AC. Dose-response curves for inhibition of AC by lysophospha-
tidic acid were determined from three individual embryonic fibroblast
cell lines of each genotype. n = 9 for both +/+ and +/G184S, and n =
6 for G184S/G184S. Maximum inhibition among all three genotypes is
different by F-test, P < 0.005. (B) PTX-sensitive phosphorylation/
activation of Akt stimulated by LPA. MEF cells were stimulated with
the indicated concentrations of LPA for 7.5 min. Cell lysates were
analyzed by immunoblotting with an Akt phospho-specific antibody
(Ser473). The membrane was stripped and reprobed with an antibody
raised against total Akt. In some samples, the cells were incubated with
PTX (100 ng/ml) overnight before stimulation with 10 uM LPA. (C
and D) Western blotting and densitometric analysis of activation of
Akt (C) and ERK (D) from averages of three independent experiments.
The ratios of the densities of phosphorylated Akt or ERK to those for
total Akt or ERK were calculated and are means * standard errors of the
means of three experiments. Significant differences from +/+ cells by
two-way ANOVA with Bonferroni posttest are indicated as follows:
*, P < 0.05; %%, P < 0.01; %, P < (0.001.
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Bry-regulated phosphatidylinositol 3-kinase/Akt pathway being
more strongly enhanced.

Growth retardation in Goy,%'®**S knock-in mice. The
Ga;,°'¥S knock-in mice showed a much more dramatic and
complex phenotype affecting multiple organ systems (heart,
myeloid, skeletal, and central nervous system) compared to the
limited phenotype of Ga,,-deficient mice (Table 2). The most
apparent physiological phenotype of Ga;,%'#*%/G184S mice is
their small size (Fig. 3A). At 3 weeks of age, Ga,S'845/91848
mice had significantly reduced body weights (females [P <
0.001] and males [P < 0.05] by two-way ANOVA with Bon-
ferroni posttest) compared to age- and sex-matched +/+ con-
trols (Fig. 3B and C). The heterozygotes also showed signifi-
cantly reduced body weights from 4 to 14 weeks for both males
and females (P < 0.001 to 0.05). With aging, the body weight
of Ga;,C'84%/G184S mjce partially catches up with that of +/+
controls, but a significant difference still remains at 18 to 20
weeks (P < 0.01). Interestingly, mice deficient for Ga;, also
displayed growth retardation that was apparent at 6 weeks of
age (59), indicating that Ga;, plays an important role in both
embryogenesis and neonatal growth, as described previously
(47, 65). The pattern of low birth weight with significant
“catch-up” for the Ga, @ '#43/G1845 mice is different from dwarf
mice with a growth hormone receptor knockout (GHR™/7),
where weights are nearly normal at birth but rapidly lose
ground to their wild-type littermates (15). The pattern seen for
the Ga;,9'84%/G184S mice is more reminiscent of the transgenic
growth hormone antagonist-expressing mice (15). Reduced
growth hormone could contribute to the small size, but the
increased activity could also contribute (see below). There was

TABLE 2. Comparison of phenotypes of RGS-insensitive
Ga,;,%1%% mice and Ga,-deficient mice

Mouse type Group Phenotype

RGS-insensitive  General

Pre-/neonatal lethality (homozygote
G(X G184S
i2

Gy, O1848/G184S 4nd heterozygote
Gay, H/G1845)
Low body weight

Short bones

Large spleen

Increased monocyte and neutrophil
counts

Daytime tachycardia

Increased heart organ weight/body
weight ratio

Hyperdynamic function

Hyperactivity

Hematologic

Cardiac

Neurobehavioral

Gay, deficient General® Pre- and postnatal lethality
Growth retardation apparent at
6 wks of age
Pathologic” Ulcerative colitis and adenocarcinoma
of colon

Immunologic®®  Increased no. of single positive (mature)
T cells with high-intensity CD3
staining in thymus but unaffected
lymphocyte homing in spleen

Impaired marginal zone and B-1 B-cell
development

Impaired platelet activation

Attenuated muscarinic inhibition of
contractility and calcium currents in
adult cardiomyocytes

Hematologic®
Cardiac?

“ Based on references 58 and 59.
 Based on reference 16.
¢ Based on reference 35.
4 Based on reference 52.
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FIG. 3. Ga,,%'%* mice are small. (A) Five-week-old homozygous
(right) and wt (left) male mice are shown. (B and C) wt (+/+),
heterozygote (+/G184S), and homozygote (G184S/G184S) mice were
weighed weekly, and means *+ standard deviations are shown for male
(B) and female (C) animals. Numbers of animals were as follows: +/+,
54 males, 57 females; +/G1848S, 74 males, 78 females; G184S/G184S,
18 males, 21 females. Both homozygous and heterozygous mice had
significantly reduced body weights compared to age- and sex-matched
wt controls (see text for details).

not, however, any significant difference in either food intake or
O, consumption (not shown).

Consistent with their decreased body weight, Gy,
mice also showed reduced body length (91.8 = 1.1 [n = 10]

G184S5/G184S

PHENOTYPE OF RGS-INSENSITIVE Gq;,%'%*S MICE 6875

20
|—|:“ =4+
18- o | = +/G18438
m N G1845/G184S

Length (mm)

Tibia

Femur
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FIG. 4. Ga;,°'8*S mice have skeletal abnormalities. Male mice of
three genotypes (+/+, n = 5; +/G184S, n = 2; G184S/G184S, n = 5)
were sacrificed, and bone length and width were measured using cal-
ipers. The genotype effect was highly significant by two-way ANOVA
(P < 0.0001), and the tibia length was significantly shorter for mutant
mice by a Bonferroni posttest (¥, P < 0.05; *%*, P < 0.001).

versus 98.6 = (0.7 for +/+ [n = 9]; P < 0.001, ¢ test) and shorter
bones (Fig. 4). They have a significant reduction in femur and
tibia length compared with those of age- and sex-matched +/+
controls (Fig. 4). However, the size and morphology of the
tibial growth plates were not significantly altered at 12 weeks of
age (data not shown). One possible mechanism of the bone
abnormalities could be a pseudohypoparathyroidism-like re-
duction in cAMP production. Patients with PHP-1a, which is
caused by a heterozygous loss of function of Ga,, have skeletal
abnormalities, reduced responsiveness to parathyroid hor-
mone, reduced serum calcium levels, and often mental retar-
dation (1). A mouse model with a heterozygous mutant Gnasl
shows similar effects (70). Our Ga;,@'#*/S18%S mice do not
appear to be parathyroid hormone resistant, as they have nor-
mal serum calcium levels (not shown). Other features of PHP,
such as obesity, subcutaneous ossifications, and brachydactyly,
were also not observed.

Hematologic abnormalities in Ge;,“"**® knock-in mice. An-
other striking observation was the marked splenomegaly in
homozygous mutant mice (P < 0.01 by two-way ANOVA with
Bonferroni posttest) (Fig. 5). The spleen/body weight ratio for
female Ga;, '8*%/S18S mice (7.0 = 0.80 mg/g) at 20 to 22
weeks of age was nearly double that of +/+ controls (3.7 =
0.12 mg/g). A similar increase was also observed in males (not
shown). In contrast, most other tissues (such as liver, kidney,
lung, and uterus) retained their normal proportion to body
weight. Peripheral blood counts showed no significant differ-
ences in total white blood cell, red blood cell, and platelet
counts (Fig. 6A). However, homozygous Ga, % '#4%/G184S mice
showed significantly elevated absolute neutrophil and mono-
cyte counts (Fig. 6B) compared with wild-type mice. This result
suggests an enhanced myeloid lineage differentiation, which
would not be surprising given the role of Gea;, in neutrophil
and monocyte function (3). Furthermore, transgenic expres-
sion of SDF-1/CXCL12 was recently shown to prevent myeloid
precursor apoptosis in vitro and to increase myeloid differen-
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FIG. 5. Normalized organ weights as percentages of body weight.
Female wild-type (+/+), heterozygote (+/G184S), and homozygote
G184S/G184S mice were sacrificed between 20 and 22 weeks, organs
were weighed, and weight ratios were calculated as mg organ weight/g
body weight. **, P < 0.01 by two-way ANOVA with Bonferroni post-
test.

tiation in vivo (5) by a mechanism involving CXCR4 and Go.
Since some endogenous SDFla is found in myeloid precursor
cells (27), the potentiated Gy, signaling in our Gy, '845/G1845
mutant mice could have an effect similar to that which occurs
with increased SDF-1/CXCL12 expression in the transgenic
mice. Thus, increased survival and myelopoeisis may underlie
the increased spleen size and peripheral neutrophil and mono-
cyte counts seen in the mutant mice.

Homozygous Ga;,%'**S mice are hyperactive. Another sig-
nificant effect is neurobehavioral. Based on data obtained dur-
ing telemetry electrocardiographic monitoring, we observed
that the Ga,,S'8%/G184S mice were more active during both
day and night (Fig. 7). This is intriguing, since a knockout of
RGS9 (which affects primarily Ge,, and is localized to certain
dopamine-related brain regions) shows an increased activity
response to amphetamines and cocaine but no difference in
unstimulated physical activity detected by beam-breaking in an
activity chamber (56).

Cardiovascular alterations in Ga;,%'**® knock-in mice. In
addition to the spleen, the heart was the one other organ that
appeared to show an increase in mass relative to body weight
in the mutants. This was true in females, with a 19% increase
in heart weight/body weight ratio (P < 0.01 by ¢ test) (Fig. 5),
and was confirmed in males, with an 18% increase (P < 0.02 by
t test) (Fig. 8B). In contrast to the spleen, there was not an
increase in heart size in heterozygotes, though this could be
due to the small magnitude of the effect of the mutation on
heart size, even in homozygotes.

Along with the increased heart weight, the Ga,,
homozygous mice showed an increase in baseline heart rate
during the daytime (Fig. 8A). They also showed a hyperdy-
namic echocardiographic profile with a marked decrease in
end systolic volume and a smaller but also statistically signifi-
cant decrease in end diastolic volume (Fig. 8C). While frac-
tional shortening and ejection fraction were slightly but not
significantly increased, the end systolic volume even when cor-
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FIG. 6. Gay,C'8*9/G184S mice have elevated neutrophil and mono-
cyte counts. Blood drawn from male and female mice (+/+, n = 13;
+/G184S, n = 4; G184S/G184S, n = 13) via the lateral saphenous vein
or from the orbital sinus of animals at sacrifice was collected in hep-
arinized capillary tubes (Becton Dickson), and complete blood counts
were done on a Coulter apparatus. Smears were stained, and dif-
ferential counts were performed manually. Data are means * stan-
dard errors of the means, and statistical significance of differences
between +/+ and G184S/G184S was determined by ¢ test (¥, P <
0.05; **, P < 0.02).

rected for body weight was dramatically reduced (0.23 versus 0.44
mm?*/g). The increased heart rate and evidence of increased con-
tractility on echo suggest increased sympathetic tone. Indeed, the
tachycardia in Gy, @'#*/G184S mice was unexpected, since Gi
mediates GIRK activation, which slows SA node rates. The in-
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FIG. 7. Homozygous Ga;,S184/G184S mice are hyperactive. Activity
data were captured for eight consecutive days with the activity detec-
tion feature of electrocardiography frequency transmitter (DSI) mon-
itors on awake and unrestrained mice 16 weeks of age. Data are
means * standard errors of the means. Two-way ANOVA shows a
significant effect of both genotype and time of day (P < 0.0005).
*, P < 0.05 by Bonferroni posttest. n = 5.
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FIG. 8. Cardiovascular studies with homozygous Ga;,“'8*/G184 mice. (A) Gay,'%*5/G18%S mice have an increased daytime heart rate. Im-
planted electrocardiography frequency transmitters recorded the heart rate for 48 h, and the average heart rate was calculated for day and night
from eight animals of each genotype. The G184S/G184S mutants showed increased daytime heart rate (P < 0.05). The larger error value for
G184S/G184S in the daytime was due to one individual with a very high heart rate, but the difference was still significant (P < 0.05) with that value
dropped. (B) Ga,;,@'84/G184S mijce have enlarged hearts. Male mice (eight G184S/G184S and eight +/+ littermate controls) showed an increased
heart weight/body weight ratio, confirming the observation in females (Fig. 5). The effect in males (20%) is of approximately the same magnitude
as in females (19% increase; P < 0.02 by ¢ test in Fig. 5). The difference between +/+ and G184S/G184S males is statistically significant (P < 0.02
by ¢ test). (C) Echocardiographic measurements. Seven female +/+ and six female G184S/G184S mice at 13 to 15 weeks were studied under
isoflurane anesthesia. Values of cardiac volume and left ventricular (LV) diameter, intraventricular septum and posterior wall were measured and
fractional shortening and ejection fraction calculated. BW, body weight; FS, fractional shortening; EF, ejection fraction; Vol d, LV diastolic
volume; Vol s, LV systolic volume; IVSs, intraventricular septum in systole; PWs, posterior wall in systole; LVDd, LV dimension in diastole;
LVDs, LV dimension in systole. Values are means = standard errors of the means, with statistical comparisons done by ¢ test. *, P < 0.05;

*%x, P <0.0l.n=7.

creased heart rate was especially surprising in the face of our
recent demonstration (24) that Ga;,“'**¥/G184% mutant mice
have dramatically enhanced muscarinic cholinergic bradycar-
dia, which should lead to increased parasympathetic, rather
than sympathetic, tone. Furthermore, cardiac overexpression
of Ga leads to tachycardia (67), while enhanced Go; function
should have the opposite effect. Thus, the increased heart rate
is likely due to central nervous system effects—also reflected in
the behavioral hyperactivity—rather than effects on cardiac
function per se. Also, hyperactivation of Gi in heart by over-
expression of a modified kappa opioid receptor (Rol) leads to
conduction defects and dilated cardiomyopathy, which appears
to be opposite from our phenotype. Two differences in the
models could account for this discrepancy (57). The overex-
pression of Rol could produce effects on its own, just as the
tTA itself can lead to cardiomyopathy (45). Also, our enhanced
Gi function may be more modest, given the need for a physi-
ological stimulus to produce a response.

Given the increased heart size, we thus add Ga,, to the list

of G proteins (including Ga, and Ge,) whose enhanced sig-
naling leads to cardiac hypertrophy. It could be related to
either systemic alterations, such as increased sympathetic
tone, or to enhanced intrinsic cardiac signaling through
ERK (29, 61) or Akt (14) activation, which can both cause
cardiac hypertrophy. If this were due to intrinsic cardiac
signaling, it would probably be mediated by the B+ subunit,
which is the primary signaling molecule to ERK and Akt,
since the Ga; subunit generally does not activate those path-
ways. We did find a significantly enhanced PTX-sensitive
LPA-induced Akt activation in MEFs from these mice, con-
sistent with this possibility.

Summary. The RGSi Ga;,“'®*S mice described here dem-
onstrate a major contribution of the RGS protein family to
control of signaling by G;, in multiple organ systems. Signifi-
cant increases in AC inhibition and Akt activation were ob-
served, while ERK signaling seemed less affected, at least in
MEFs. Predicted results were seen, such as the recently re-
ported enhancement of muscarinic bradycardia (24) and alter-
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ations in myeloid activity, along with results contrary to expec-
tations, such as tachycardia, behavioral hyperactivity, and
cardiac hypertrophy. Also, unexpected effects on bone and
general growth/metabolic function were revealed. Further-
more, Ga;, regulation by RGS proteins is important during
development, as there is substantial neonatal lethality in the
Gy, O 1845/G184S mijce and some even in heterozygotes. These
mice and the general approach of using RGS-insensitive Ga
subunits, besides demonstrating the role of RGS proteins, pro-
vide novel insights into subtype-selective signaling by Gi family
G proteins, where other approaches such as expression of
constitutively active Ga subunits will not reveal key functions
mediated by By release. Furthermore, RGS-insensitive Ga
subunits can help dissect the function of the similar and par-
tially redundant Goy;, G, and Gay; proteins. We do not yet
have a full picture of all of the physiological changes in these
mice or a complete understanding of the precise mechanisms
of all of the alterations, but the dramatic and pleiotropic phe-
notype reveals a substantial role for RGS proteins and Go, in
a broad range of physiological functions.
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