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SUMMARY

We compared Ca?* signaling and inositol polyphosphate me-
tabolism in NIH-3T3 cells stably transfected with cDNA encod-
ing either the wild-type G protein G,¢ a subunit or a GTPase-
deficient a,g subunit (Q212L-a,¢). Constitutive activation of
phosphoinositidase C (PIC) in cells expressing Q212L-a,¢ Was
demonstrated by 1) an increased basal level of [*H]inositol
polyphosphates, 2) an enhanced rate of [*H]inositol polyphos-
phate accumulation in cells treated with 10 mm LiCl, and 3) an
increased rate of incorporation of [*H)inositol into cell lipids.
Q212L-a,¢ cells had a diminished cell growth rate. Basal intra-
cellular Ca2* concentration was equivalent in Fura-2 ace-
toxymethyl ester-loaded Q212L-a,4 cells compared with con-
trols; however, calcium release in Q212L-a,¢ cells exposed to
ionomycin, ATP (a G protein-linked agonist), or platelet-derived
growth factor (a tyrosine kinase-linked agonist) was decreased.

Permeabilized, “°Ca-loaded Q212L-a,¢ cells released less
45Ca at each concentration of inositol-1,4,5-trisphosphate than
did control cells. Accordingly, the total amount of inositol
trisphosphate (IP,) receptor protein was decreased in Q212L-
a,g cells relative to controls. These data demonstrate that
Q212L-a,¢ cells maintain physiological levels of cytoplasmic
calcium and partially loaded Ca2* stores in the face of consti-
tutively active PIC. This is accomplished, at least in part, by
down-regulation of IP; receptor number. Thus, diminution in
cell growth rate in Q212L-a, ¢ cells seems to be attributable to
a combination of at least two effects: a direct effect of PIC
activation leading to partial depletion of Ca®* stores and an
indirect, adaptive response resulting in a decreased IP, recep-
tor number.

PIC catalyzes the hydrolysis of the plasmalemma-associ-
ated phospholipid phosphatidylinositol-4,5-bisphosphate to
form the Ca®* release signal (1,4,5)IP; and the PKC activa-
tor diacylglycerol. Numerous mitogenic hormones, neuro-
transmitters, and growth factors activate this signaling path-
way, and intracellular Ca?* concentration and PKC activity
have been shown to regulate normal cell growth and prolif-
eration (1, 2). Recent studies have demonstrated that consti-
tutive activation of this signaling pathway, whether by over-
expression of PIC-coupled receptors (3, 4) or by constitutive
activation of transducing G proteins (5, 6), can cause cellular
transformation and abnormal cell growth. Constitutive acti-
vation of PIC in cultured cells thus provides a model for
studying the involvement of this signaling pathway in nor-
mal and abnormal cell proliferation.

Heterotrimeric G proteins are activated by the exchange of

bound GDP for GTP and dissociation of the « from the By
subunits and are inactivated by the hydrolysis of GTP to
GDP and subunit reassociation (7). Consequently, constitu-
tively activated G proteins have been produced by introduc-
tion of point mutations into the GTP binding domains of the
a subunits of G, (8), G; (9, 10), G, (11), and G, (5, 6, 12-14),
resulting in impaired GTPase activity and constitutive acti-
vation of coupled effectors. The effects of constitutive activa-
tion of G, on cell growth and transformation seem to be cell
(5) and laboratory (5, 6, 13) specific: stable transfection of
NIH-3T3 cells with GTPase-deficient G, has been reported to
lead to either cell transformation (5, 6) or cell death (13), and
stable transfection of rat-1 cells was not transforming (5).
The underlying effects of constitutive activation of PIC on cell
Ca2?* homeostasis and inositol polyphosphate metabolism
were not characterized in any of these studies.

ABBREVIATIONS: PIC, phosphoinositidase C; (1,4,5)IP,, inositol-1,4,5-trisphosphate; PKC, protein kinase C; IP,, inositol bisphospate; IP3,
inositol trisphosphate; PMA, phorbol-12-myristate-13-acetate; [Ca?*),, intracellular calcium concentration; HEPES, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid; EGTA, ethylene glycol bis(3-aminoethyl ether)-N,N,N’' ,N’-tetraacetic acid; PDGF, plate-derived growth factor; HPLC, high
performance liquid chromatography; BSA, bovine serum albumin; DMEM, Dulbecco’s modified Eagle’s medium; BAPTA; 1,2-bis(2-aminophe-

noxy)ethane-N,N,N’ ,N'-tetraacetic acid.
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In this study, we examined the effects of stable transfec-
tion of NIH-3T3 cells with a GTPase-deficient a subunit of
G, ¢ on cell growth, Ca?* homeostasis, and inositol polyphos-
phate metabolism. G,s is a member of the G, family of
PIC-coupled G proteins that are specific for myelomonocytic
and T cells (15). The data demonstrate that constitutive
activation of PIC by G,¢ results in a decrease in cell growth
rate and impaired Ca2* signaling due, at least in part, to IP,
receptor down-regulation.

Experimental Procedures

Materials. DMEM, fetal bovine serum, newborn calf serum, L-
glutamine, penicillin/streptomycin, Geneticin, trypsin/EDTA, and
Puck’s Saline A were purchased from GIBCO BRL (Baltimore, MD).
myo-[®H]Inositol (10 mCi/ml) was purchased from American Radio-
labeled Chemicals (St. Louis, MO). Dowex AG 1 X 8 anion exchange
resin (formate form) was purchased from BioRad (Hercules, CA).
[®*H]Inositol polyphosphate standards and “°Ca-CaCl, were pur-
chased from DuPont-New England Nuclear (Boston, MA). Fura-2
acetoxymethyl ester and BAPTA were purchased from Molecular
Probes (Eugene, OR). PDGF was purchased from R & D Systems
(Minneapolis, MN). Disodium-ATP and BSA (Fraction V) were pur-
chased from Sigma Chemical (St. Louis, MO). Thapsigargin was
obtained from LC Services (Woburn, MA). Adsorbosphere SAX
HPLC columns were purchased from Alltech Associates (Deerfield,
IL). All other chemicals and solvents were of at least reagent grade.

Plasmid construction and transfection. cDNA coding for the
G protein a subunit G, ¢ (a,¢) was cloned after amplification by PCR
from reverse-transcribed HL-60 total RNA. Leucine was substituted
for glutamine at amino acid 212 (Q212L-a,¢ mutation) by site-di-
rected mutagenesis with a Stratagene kit (La Jolla, CA). The a,¢
construct cDNA was then packaged into a retroviral vector (LNCX)
containing a cytomegalovirus promoter to drive constitutive expres-
sion of the a,q cDNA. A viral packaging cell line (GPE) was trans-
fected with the a, g construct via electroporation. Positive clones were
selected for Geneticin (GIBCO) resistance (Neo gene) and screened
by Northern blot analysis. NIH-3T3 cells were infected with the
supernatant from positive GPE clones, which contained shed virus.
Cells expressing a,q were then selected in Geneticin-containing me-
dium, and cell homogenates were screened by immunoblotting using
a rabbit anti-a, ¢ peptide-specific antibody (16).

Cell culture. Stably transfected NIH-3T3 cells were grown at 37°
in a 5% CO, atmosphere in 175-cm? tissue culture flasks (Falcon
Plastics, Oxnard, CA) in high glucose-DMEM containing 5% fetal
bovine serum, 5% newborn calf serum, 2 mM glutamine, penicillin/
streptomycin (500 units/ml and 50 pg/ml, respectively), and 375
wng/ml Geneticin. Cell monolayers were dispersed with trypsin/EDTA
before confluence (approximately every 3 days) and split 1:20 with
each successive passage. Cells that had attained 70-90% confluence
were used in the experiments reported here. For inositol polyphos-
phate metabolism studies, cells were grown onto six-well tissue
culture plates (Costar, Cambridge, MA). Cells used in Ca®* experi-
ments were resuspended from 175-cm? flasks using 5 mM EDTA in
Puck’s Saline A.

[*Hlinositol polyphosphate metabolism. Cells were plated di-
rectly into culture medium containing 20-100 uCi/ml myo-[*Hlinosi-
tol. After 2-3 days, the medium was aspirated, and cells were grown
overnight in serum-free culture medium containing 1% (w/v) BSA
and equivalent myo-[>Hlinositol. On the next day, this medium was
aspirated, and cells were equilibrated for 20 min in experimental
medium (DMEM, 20 mm HEPES, pH 7.4, 2 mM glutamine, 1% (w/v)
BSA). LiCl (10 mM) was then added directly to this medium as
indicated. After the specified incubation period, experimental me-
dium was aspirated, and inositol polyphosphates were extracted into
1 ml of 6% perchloric acid, 5 mM EDTA, and 250 ug/ml phytate on ice
for 20 min. For HPLC analysis, acid extracts were neutralized by the

freon/trioctylamine method (17) as modified by Shears et al. (18).
[®H]IP; and [*Hlinositol tetrakisphosphate isoforms were separated
by HPLC (Adsorbosphere SAX column) with a linear ammonium
phosphate gradient (0-1 M, pH 3.35) with radioactivity determined
on-line (19). [*HJIP, isoforms could not be separated using this
protocol. For separation with the use of Dowex anion exchange
columns, acid extracts were neutralized with 0.5 M KOH plus 9 mM
Na-Borax, salt was precipitated overnight and pelleted, and the
sample supernatant was loaded onto 0.8-1-ml Dowex anion ex-
change columns. The columns were first washed extensively with
water to remove free [*Hlinositol; then, [*Hlinositol phosphates were
eluted sequentially with ammonium formate/formic acid as de-
scribed previously (20). Data were normalized to total cell [*Hlinosi-
tol lipids as determined by acidified chloroform/methanol extraction
of the acid-precipitated cell monolayer as described below.

[*5Ca] release. Cell monolayers dispersed with trypsi/EDTA
were pelleted, washed, and resuspended at 1 mg of total cell pro-
tein/ml in permeabilization buffer containing 20 mM NaCl, 100 mm
KCl, 2 mm MgSO,, 20 mm HEPES, pH 7.2, 1 mM EGTA, and 0.451
mM CaCl, (150 nM [CaZ*]). Cells were permeabilized with 50 ug/ml
saponin (10 min at 37°), pelleted, and resuspended in saponin-free
permeabilization buffer. Triplicate aliquots were taken for protein
normalization. Cells were then loaded with 45Ca (1 wCi/ml) for 20
min at 37° in buffer with 3 mm Mg-ATP. 4°Ca efflux was initiated by
the addition of 1-300 uM (1,4,5)IP; to duplicate 200-ul aliquots of cell
suspension. Efflux was terminated by the addition of 5 ml of ice-cold
stop solution (310 mM sucrose plus 4 mM EGTA, pH 7.2) followed by
rapid filtration under vacuum through glass microfiber filters
(Whatman G/C; Fisher Scientific, Pittsburgh, PA). Filters were
rinsed three times with § ml of ice-cold wash buffer (310 mM sucrose),
dried, and transferred to scintillation vials with 5 ml of scintillant
(Hydrofluor; National Diagnostics, Atlanta, GA). Radioactive counts
were corrected for filter background and normalized to total cell
protein.

Immunoblot of IP; receptor protein. Cell monolayers were
rinsed with ice-cold N-tris(hydroxymethyl)methyl-2-aminoethane-
sulfonic acid buffer containing 10 mM N-tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid, pH 7.4, 20 mM sucrose, 100 mMm NaF, 15
mM EDTA, and 2 mM EGTA and scraped into buffer containing
protease inhibitors (2 ug/ml aprotinin, 0.6 ug/ml leupeptin, 0.9 ug/ml
antipain, 0.9 pg/ml pepstatin A, 1 ug/ml E-64, 1 ug/ml calpain
inhibitor I, 1 ug/ml calpain inhibitor II, 1 ug/ml phenylmethylsulfo-
nyl fluoride). Cells were disrupted by sonication, and the resultant
cell suspension was added to an equal volume of sample buffer [9%
(w/v) SDS, 15% (v/v) glycerol, 6% (v/v) B-mercaptoethanol, 186 mm
Tris'HC], pH 6.7], boiled 10 min, and frozen at —20° until assayed.
Thawed samples were electrophoresed on a 7% polyacrylamide gel
(18 hr at 40 V) and transferred to nitrocellulose (4 hr at 200 mA). The
blot was blocked overnight in 3% (w/v) BSA in Tris-buffered saline
containing 10 mM Tris base, pH 8, 154 mM NaCl, and 0.05% Tween
20 and then incubated sequentially with affinity-purified goat anti-
rat IP; receptor antibody (1:10,000 dilution for 1.5 hr at 37°; Ref. 21),
Tris-buffered saline/Tween 20 rinse solution (5 X 10 min), rabbit
anti-goat IgG (1:300 dilution for 30 min at room temperature), and
goat peroxidase-anti-peroxidase (1:3000 dilution for 15 min at room
temperature). After a final rinse (6 X 10 min with Tris-buffered
saline/Tween 20), the banding pattern was revealed by enhanced
chemiluminescence (DuPont-New England Nuclear).

Intracellular Ca** determination. Cell monolayers were dis-
aggregated with 5 mM EDTA in Puck’s Saline A; cells were then
pelleted and resuspended (4 X 10° cells/ml) in modified Krebs-Ringer
solution [115 mM NaCl, 5.4 mm KCl, 1.8 mm CaCl,, 0.8 mm MgSO,,
1 mM NaH,PO,, 11 mM glucose, 256 mm HEPES, pH 7.4, 0.1% (w/v)
BSA] containing 10 uM Fura-2 acetoxymethyl ester. Cells were in-
cubated for 30 min at room temperature with shaking and then
pelleted and resuspended (1 X 10° cells/ml) in Fura-2 acetoxymethyl
ester-free solution for 20 min to cleave the dye. Two milliliters of cell
suspension was placed in a stirred cuvette at 37° in a spectroflu-
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orometer (Photon Technology International, Princeton, NJ). Fluores-
cence emission at 515 nm was monitored during alternating excita-
tion at 340 and 380 nm. Autofluorescence was determined using
unloaded cells. Calcium concentration was calculated from the fluo-
rescence ratio (340/380 nm) as described previously assuming K, =
224 nm (22).

Statistics and data analysis. Statistical comparisons of data
were made using paired ¢ tests and one and two-way analyses of
variance (with appropriate a posteriori multiple-range comparison
procedures). Data are expressed as mean * standard error. Treat-
ment groups were considered significantly different from control
when p < .05.

Results

Expression of G,_,¢ in transfected cells. Nontrans-
fected NIH-3T3 cells and several clones transfected with
either the wild-type a subunit of G,¢ or the GTPase-deficient
mutant a subunit (Q212L) were screened for expressed pro-
tein using polyclonal anti-a,¢ antisera (Fig. 1). As expected
for a nonhematopoetic cell line, nontransfected NIH-3T3 cells
did not express endogenous a;¢ (lane 1); however, all of the
screened clones transfected with the wild-type a subunit and
several of the clones transfected with Q212L-a, ¢ expressed a
41-kDa protein. The clonal cell lines used in the current
study were WT-3 (control cells) and Q212L-8 and Q212L-19
(GTPase-deficient mutants).

Constitutive activation of PIC. Three lines of evidence
suggested that PIC was indeed constitutively activated in
Q212L-a,4 cells. First, 6-7-fold more [*Hlinositol had been
incorporated into the lipids of Q212L-a,¢ mutants than into
control lipids after a 2-hr labeling period (control = 35 + 1
dpm/ug protein, Q212L-8 = 224 *+ 6 dpm/ug protein, Q212L-
19 = 257 * 10 dpm/ug protein; five experiments; p < .05),
despite the fact that labeling was equivalent after 72 hr (five
experiments; p > .05). These data are consistent with an
increased rate of turnover of inositol lipids in Q212L-a,g
mutants. Second, in equivalently labeled cells (72 hr), basal
levels of total inositol polyphosphate were significantly in-
creased in Q212L-a, ¢ cells relative to controls (Fig. 2). Fi-
nally, incubation of labeled cells with lithium to inhibit de-

Untransfected
Q212L-2
Q212L-18
Q212L-19

WT-3
Q212L-4
Q212L-8
WT-10
WT-11

80- . s

49.5-
- oo -¢

27.5-

Fig. 1. GTPase-deficient and wild-type (WT) G,,¢ protein expression
in transfected NIH-3T3 cells. Cells were transfected with either wild-
type a,g or GTPase-deficient Q212L-a,4. Protein expression was de-
tected by immunoblotting with anti-a,e¢ peptide-specific antibody.
Clones WT-3 (Control) and Q212L-8 and Q212L-19 (GTPase-deficient)
were used in this study. Nontransfected NIH-3T3 cells do not express
Ga‘le'
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Fig. 2. The rate of total [PH]inositol polyphosphate accumulation is
increased in Li*-treated Q212L-a,g cells. Cells were labeled for 72 hr
with myo-[*H]inositol and then treated with 10 mm LiCl for O or 20 min.
Total [PHjinositol polyphosphates were normalized to total cell lipids
(eight or nine experiments). ®, Control celis; O, Q212L-8 mutant cells;
A, Q212L-19 mutant cells. *, Differs significantly from control; **,
differs significantly from value at t = 0.

phosphorylation of inositol phosphates had no effect on total
inositol phosphate accumulation in unstimulated control
cells but resulted in significant accumulation in Q212L-a, ¢
mutants (Fig. 2).

Cell growth rate. Fig. 3 shows that during their most
rapid growth phase (days 2—4), Q212L-a, ¢ cells have a slower
growth rate than control cells. The Q212L-a, ¢ cells also had
a lower cell density at confluence that seemed to be related to
an increased cell size. The Q212L-a,¢ cells did not have a
transformed phenotype measured by their failure to form foci
or grow in soft agar.!

Basal cytoplasmic Ca®* and Ca®* stores. There is con-
siderable evidence that activation of PIC is associated with
mitogenesis (2). Thus, the observation that Q212L-a,¢ cells
actually grew more slowly than control cells was unexpected.
In an attempt to resolve this apparent paradox, we carried
out experiments designed to test the hypothesis that the
observed decrease in cell growth rate in Q212L-a,q cells
resulted from a secondary effect on cell Ca?* homeostasis.
Both basal [Ca®*), and the peak [Ca2*], after inhibition of
endoplasmic reticular Ca%*-ATPase with thapsigargin were
equivalent in Q212L-a, 4 cells and controls (Figs. 4 and 5). In
addition, [Ca®*]; was not affected in either control or Q212L-
a,¢ cells by the addition of the Ca®* chelator BAPTA, indi-
cating that despite PIC activation, Ca?* entry across the
plasma membrane was not activated. However, with the
addition of thapsigargin, the rate of increase in [Ca®*]; was
greater in Q212L-a,¢ cells (increase in [Ca®*Vtime to peak):
7+1,11 + 2* and 14 * 2* M/sec for control, Q212L-8, and
Q212L-19, respectively (four experiments; *differs signifi-
cantly from control). These data implied that the rate of leak
of Ca?* from thapsigargin-sensitive intracellular stores was
increased in the mutant cells, perhaps due to an increased
basal level of (1,4,5)IP;. In addition, because the peak [CaZ®* ],
level in thapsigargin-activated cells depends in part on the
rate of leak of CaZ*, this result indicated that the peak
[CaZ*]; level in response to thapsigargin could not be taken
as a reliable indicator of the size of intracellular CaZ* stores.

! B. Eisfelder and G. L. Johnson, unpublished observations.
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Fig. 3. The rate of cell growth is decreased in Q212L-a,¢ cells. Cells
were plated onto six-well plates at 2 x 10* cells/well and counted at
24-hr intervals. A representative experiment is shown (three experi-
ments). @, Control cells; A, Q212L-19 mutant cells.

To avoid complications introduced by the increased basal
permeability of Ca?* stores in Q212L-a,¢ cells, we exposed
cells to ionomycin, a Ca%* ionophore that releases Ca%* by
increasing the permeability of intracellular Ca®* stores to a
high, uniform level (23). When control cells were exposed to
ionomycin after thapsigargin (in the absence of extracellular
CaZ?*), ionomycin was unable to release additional Ca?* after
thapsigargin exposure (data not shown), indicating that a
single, homogeneous ionomycin- and thapsigargin-sensitive
Ca2* pool existed in NIH-3T3 cells. The data in Fig. 4 (inset)
revealed that intracellular Ca2?* stores, determined by re-
lease by ionomycin, were in fact partially depleted in Q212L-
a,¢ cells relative to controls.

Basal [®*Hlinositol polyphosphates. To characterize the
mechanism(s) underlying the maintenance of normal basal
[Ca2*); and partial Ca%* pool depletion in Q212L-a, s mutant
cells, we analyzed inositol polyphosphate levels by HPLC.
The basal level of (1,4,5)IP; was not statistically elevated in
Q212L-a, ¢ cells (Fig. 6), despite the implication of the partial
CaZ%* pool depletion and the increased Ca2?* permeability of
intracellular stores in thapsigargin-treated cells noted above
(Figs. 4 and 5). Our inability to detect an increase in
(1,4,5)IP3 in Q212L-a, ¢ cells may be compromised by a high
basal level of “silent” (1,4,5)IP;, as previously described in
ARA4-2J cells (24). In fact, the mean of six measurements of
the mass of (1,4,5)IPg by radioreceptor assay (25) was 9.1 *
0.5 pmol/mg of protein, similar to the basal level in AR4-2J

600

E 4001 :’I.}‘\,.
£

2

(2]

< 200

o

00 50 100 150 200 250

Time (s)

Fig. 4. Basal [Ca?*], basal Ca?* influx, and the thapsigargin-induced
[Ca?*], increase are equivalent in control and Q212L-a,g cells. Fura-2
loaded cells were suspended in 1.8 mm Ca®* (37°). At the indicated
times, cells were exposed to 3 mm BAPTA followed by 2 um thapsigar-
gin (TG). Representative traces are shown. Solid line, control cells;
dashed line, Q212L-8 mutant cells; dotted line, Q212L-19 mutant cells.
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5400 - 500 *
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32
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© 200 =
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BAPTA TG

Basal

Fig. 5. Basal Ca?* and the amount of thapsigargin (TG)-induced
[Ca%*}, increase are equivalent in control and Q212L-a,g cells. Com-
piled data were obtained as described in legend to Fig. 5 (five experi-
ments). Inset, ionomycin-releasable Ca®* is decreased in Q212L-a¢
cells. Fura-2 loaded cells were suspended in Ca?*-free buffer contain-
ing 0.3 mm EGTA. After 50 sec, cells were exposed to 10 uM ionomycin
(three experiments). Solid bars, control cells; open bars, Q212L-8 mu-
tant cells; hatched bars, Q212L-19 mutant cells. , Differs significantly
from control.

600 *
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400
300
2001
100

0
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Fig. 6. Levels of [PHJinositol polyphosphates in control and Q212L-a,¢
cells. Cells were labeled for 72 hr with myo-[*HJinositol, and then
[PHJinositol polyphosphates were separated by HPLC and expressed as
a ratio to total cell lipids. Data are presented relative to control values,
set at 100% (10-12 experiments). Solid bars, control cells; open bars,
Q212L-8 mutant cells; hatched bars, Q212L-19 mutant cells. Basal
levels of [®H)(1,4,5)IP; in control cells represent an average of 1218 +
199 dpm (eight experiments). *, Differs significantly from control.

cells (24). This would indicate an apparent basal concentra-
tion of ~2 uM, far in excess of the concentration of (1,4,5)IP,
normally required for maximal Ca®* mobilization. This likely
is also the explanation, as discussed below, for the fact that
activation of Ca?* mobilization through PIC-linked receptors
failed to significantly elevate (1,4,5)IPg levels. However,
basal levels of inositol-1,3,4-trisphosphate and IP,, metabo-
lites produced by 5-phosphatase-mediated dephosphoryla-
tion of inositol-1,3,4,5-trisphosphate and (1,4,5)IP;, respec-
tively, were elevated in Q212L-a,4 cells (Fig. 6). The basal
elevation of these metabolites is most easily explained as a
result of increased (1,4,5)IP; production. The increased level
of inositol-3,4,5,6-tetrakisphosphate is believed to arise from
a substrate cycle with inositol pentakisphospate (26) which
generally occurs in parallel with PIC activation (27); its phys-
iological significance in the present content is not known.
Agonist-stimulated Ca®* release. Consistent with the
decreased Ca®* pool size noted above, the Ca%* release in
response to agonist stimulation was significantly decreased
in Q212L-a, cells relative to controls (Figs. 7 and 8). Ca%*
signals in response to both ATP, a purinergic agonist whose
receptor is linked to activation of PIC-B via a transducing
heterotrimeric G protein, and PDGF, a growth factor whose
receptor is a tyrosine kinase that directly phosphorylates and
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Fig. 7. The Ca?* signal in response to agonist stimulation is decreased
in Q212L-a, cells. Fura-2 loaded cells were suspended in 1.8 mm Ca?*
plus 3 mm EGTA and stimulated with 1 mm ATP (A) or 50 ng/ml PDGF
(B) followed by 2 um thapsigargin (TG). Representative traces are
shown. Solid lines, control cells; dashed lines, Q212L-8 mutant cells;
dotted lines, Q212L-19 mutant cells.
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Fig. 8. ATP- and PDGF-stimulated Ca®* release are decreased in
Q212L-a,q cells. Compiled data were obtained as described in legend
to Fig. 7 (four experiments). In some experiments, cells were resus-
pended in Ca?*-free buffer plus 0.3 mm EGTA. Solid bars, control cells;
open bars, Q212L.-8 mutant cells; hatched bars, Q212L-19 mutant
cells. *, Differs significantly from control.

0

activates PIC-y (28), were decreased in Q212L-a, ¢ cells. The
diminished agonist responses probably resulted, in part,
from the smaller Ca2* pool size in Q212L-a, ¢ cells. However,
the agonists also seemed to release a smaller proportion of
the intracellular Ca®* stores; i.e., thapsigargin responses
were not decreased by prior agonist treatment as much in
Q212L-a, ¢ cells as in control cells (Figs. 4 and 7 and data not
shown). This result suggested that the decreased agonist
response in Q212L-a, ¢ cells is not totally accounted for by a
decrease in CaZ* pool size and thus may also involve either
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decreased agonist-stimulated production of (1,4,5)IP; or re-
duced Ca®*-releasing efficacy of (1,4,5)IP,.

Agonist-stimulated changes in [*H]inositol poly-
phosphates. To evaluate the hypothesis that decreased
agonist-stimulated Ca?* signals in Q212L-a,¢ cells re-
sulted from decreased agonist-stimulated production of
(1,4,5)IPg, we examined the effects of short term exposure of
control and Q212L-a,¢ cells to ATP (30 sec) and PDGF (2
min) on levels of (1,4,5)IPg and its proximal metabolites.
Agonist stimulation had no significant effect on (1,4,5)IP;
levels in either control or mutant cells, whether measured by
radioactivity or by radioreceptor assay (data not shown),
perhaps because, as argued above for the effects of constitu-
tive PIC activation, a relatively small increase in (1,4,5)IP,
was obscured by a high level of “silent” (1,4,5)IPg (24). How-
ever, the agonist-stimulated increase in the proximal metab-
olites of (1,4,5)IP; (IP, plus inositol-1,3,4,5-tetrakisphos-
phate) in Q212L-a, ¢ cells was the same or greater than that
in control cells, suggesting that Q212L-a, ¢ cells produced as
much or more (1,4,5)IP; in response to agonist stimulation
than control cells; the increase in control and Q212L-8 and
Q212L-19 cells was 0.2 + 0.1, 1.6 = 0.4,* and 1.4 * 0.7*
dpm/dpm total lipid X 100 after 30 sec of ATP (1 mm) and
0.8 +0.2,1.0 = 0.2,and 1.8 *+ 0.3* dpm/dpm total lipid X 100
after 2 min of PDGF (50 ng/ml) (*differs significantly from
control). Consequently, we next examined the suggestion
that the Ca*-releasing efficacy of (1,4,5)IP; was reduced in
Q212L-a,¢ cells.

(1,4,5)IP;-mediated **Ca release from intracellular
stores. In agreement with the observed decrease in ionomy-
cin-releasable Ca®?*, steady state ATP-dependent *5Ca up-
take was decreased in permeabilized Q212L-a, ¢ cells relative
to controls: steady state “°Ca levels in control and Q212L-8
and Q212L-19 cells were 6.9 + 0.4,5.9 + 0.6,* and 3.9 + 0.4*
nmol/mg protein, respectively (three or four experiments;
*differs significantly from control). In addition, permeabil-
ized Q212L-a,¢ cells released less of this steady state *°Ca
pool in response to (1,4,5)IP; (Fig. 9). This result confirmed
that (1,4,5)IP; was less potent, and perhaps less efficacious,
in releasing Ca?* from intracellular Ca®* stores in Q212L-
a, ¢ cells.

IP; receptor down-regulation in Q212L-a, 4 cells. One
possible explanation for the decrease in Ins(1,4,5)Pg respon-

% Release
o8 8888

0 1 3 10 30
[(1,4.5)P, ] (uM)

Fig. 9. (1,4,5)IP, released less “°Ca in permeabilized Q212L-a,g cells.
Cells were permeabilized with 50 ng/ml saponin and then loaded to
steady state with “°Ca in buffer containing 3 mm Mg-ATP (20-30 min).
Loaded cells were exposed to the indicated concentration of (1,4,5)IP,
for 1 min, and “°Ca remaining in the cells was determined. Data are
expressed as percentage of ATP-dependent “°Ca uptake. Values are
mean * standard error of three experiments (®, O, and A) performed in
duplicate.
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siveness observed in Q212L-a,¢ cells was a decrease in the
number of IP; receptors. Therefore, we immunoblotted total
cell proteins with a polyclonal antibody directed against rat
cerebellar IP; receptor. Expression of wild-type a,¢ reduced
the expression of IP; receptors. However, expression of GT-
Pase mutant a,g (in Q212L-a,¢ cells) substantially sup-
pressed the expression of IP; receptor protein below the level
of either nontransfected NIH 3T3 cells or the wild-type trans-
fected WT-3 cells (Fig. 10).

Acute regulation by PKC. Low level, persistent activa-
tion of PKC is one likely consequence of constitutive activa-
tion of PIC in Q212L-a,¢ mutant cells, and data consistent
with this interpretation were recently obtained in Q212L-
a,¢-transformed Swiss 3T3 cells (15). Activation of PKC with
phorbol ester has been reported to decrease the potency of
(1,4,5)IP; to release Ca%* in human neuroblastoma cells (29);
therefore, we examined the effects of acute activation and
inhibition of PKC on Ca®* signaling in control and Q212L-
a,g mutant NTH-3T3 cells. Activation of PKC by preincuba-
tion of cells with the phorbol ester PMA inhibited the ATP-
stimulated increase in [CaZ*]; in both control and mutant
cells; however, PMA had no effect on the PDGF-stimulated
increase in [CaZ*]; (Table 1). These results suggested that
PKC was acting at a proximal step in the ATP signaling
pathway, perhaps through inhibition of PIC-B (28). Inhibi-
tion of PKC by the kinase inhibitor staurosporine had no
effect on the ATP-stimulated CaZ?* transient but completely
blocked the PDGF-stimulated transient in both control and
mutant cells (data not shown), presumably because of non-
specific inhibition of the tyrosine kinase activity of the PDGF
receptor. Preincubation of cells with the more selective PKC
inhibitor Ro 31-8220 (30) also had no effect on ATP-stimu-
lated Ca2* signaling in control or mutant cells. The ability of
staurosporine and Ro 31-8220 to inhibit PKC in this system
was confirmed by the fact that preincubation with either of
these inhibitors lessened PMA-mediated inhibition of ATP-
stimulated Ca®* signaling in control cells (data not shown).
We conclude that the decreased responsiveness to agonists

WT-3
Q212L-8
Q212L-19

‘ Untransfected

€200 kD

Fig. 10. Q212L-a,¢ cells contain less IP; receptor protein. Twenty
micrograms of total cell homogenate was electrophoresed on a 7%
polyacrylamide gel, transferred to nitrocellulose, and blotted with poly-
clonal antibody directed against rat cerebellar IP; receptor. The elec-
trophoretic mobility of the protein band was identical to the mobility of
|P; receptor in a control preparation of rat microsomal membranes (not
shown). One of four similar experiments is shown. WT, wild-type.

TABLE 1

Effect of phorbol ester on agonist-stimulated increases in Ca?*
in control and Q212L-a, mutant NIH-3T3 cells

Control and Q212L-a,¢ mutant cells were stimulated with either ATP (1 mm, 30
sec) or PDGF (50 ng/ml, 2 min). Ca®* was determined in suspended cells
preincubated for 15 min at room temperature with either PMA or the inactive PMA
analog 4aPMA (1.6 um), indicated with — below. Cells were then pelleted and
resuspended in Ca2*-free buffer plus 300 um EGTA with or without PMA or
4aPMA at 37° immediately before agonist stimulation (three experiments unless
otherwise noted).

Increase in Ca%*

Cell type PMA
ATP PDGF
M
Control - 203 + 72 257 + 37
+ 28 + 8° 221 + 45
Q212L-8 - 77 + 28 110 + 16
+ 16 +8 139 + 6
Q212L-19 - 51 %10 134(n = 2)
+ 13+ 5 150 (n = 2)

NA = not assayed.
# Differs significantly from value obtained in the presence of 4aPMA.

and to (1,4,5)IP; in Q212L-a,¢ cells is unlikely to be a con-
sequence of persistently activated PKC.

Discussion

This is the first study to explore the effects of constitutive
activation of PIC by stable transfection with GTPase-defi-
cient G protein on cell Ca?* homeostasis and inositol
polyphosphate metabolism. The results suggest that growth
inhibition in Q212L-a,4 cells can be attributed, in part, to
impaired Ca®?* signaling in response to mitogenic agonists
due to down-regulation of IP; receptor number. Note that
alterations in PIC activity and in cell growth do not neces-
sarily indicate alterations in Ca?* signaling. For example,
Fee et al. (31) reported that down-regulation of PLC-B, and
concomitant diminution in cell growth were not associated
with substantial alterations in Ca%* signaling. Presumably.
in this system, other PIC forms are more important in gen-
erating Ca®* signals.

Constitutive activation of G,¢ and cell proliferation.
It is well established that activation of the PIC signaling
pathway is associated with mitogenesis in several cell types
and that overstimulation of this pathway can result in ab-
normal cell growth and oncogenesis (2). Constitutive activa-
tion of receptors coupled to PIC may result in cellular trans-
formation (3, 4); similarly, a functional PIC signaling
pathway has been found to be requisite for cellular transfor-
mation induced by growth factors and ras (32, 33). Whether
constitutive activation of PIC by genetically altered GTPase-
deficient G, causes cellular transformation is more contro-
versial. DeVivo et al. (5) reported that stable transfection
with GTPase-deficient G, resulted in transformation of NIH-
3T3 cells but not of Rat-1 cells. The same researchers also
demonstrated that the effects of the GTPase deficient G,
were dependent on the growth state of the cells (34). In
confluent cells, PDGF caused little stimulation of thymidine
incorporation in control cells but caused a substantial stim-
ulation in cells expressing the mutant G,; however, in sub-
confluent cells, PDGF markedly stimulated thymidine incor-
poration, and this was minimally augmented by the GTPase-
deficient G, (34). In contrast, a second group (13) found that
transfection of NIH-3T3 cells with GTPase-deficient G, was
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cytotoxic. Kalinec et al. (6) reported that NTH-3T3 cells trans-
fected with GTPase-deficient G, displayed a transformed
phenotype; however, the low colony-forming ability of these
cells was indicative of a parallel growth-inhibitory effect. The
mechanisms underlying the varied effects of constitutive ac-
tivation of PIC on cell growth were not identified in these
studies.

In our study, stable transfection of NIH-3T3 cells with
GTPase-deficient G, ¢ also caused inhibition of cell prolifera-
tion (Fig. 3) in the absence of cellular transformation. Our
results suggest that the differences in cell growth inhibition
and transformation with expression of G, family members
may be related to secondary adaptive responses. For exam-
ple, the secondary Ca?* pool depletion observed in Q212L-a,¢4
cells may be partially responsible for the decreased growth
rate in these cells; previous reports have shown that pro-
longed Ca®* pool depletion induced entry of smooth muscle
cells into a quiescent Gy-like state (35-37). Thus, the bio-
chemical responses downstream of constitutive PIC activity
must be defined to understand the different cellular pheno-
types in response to activated G,, subunits.

Partial depletion of Ca** stores in Q212L-a,4 cells.
Despite our inability to directly document an increase in
(1,4,5)IP;, the biochemical evidence strongly suggests an in-
crease in (1,4,5)IP; production in Q212L-a, ¢ cells: three dis-
tinct markers of PIC activity were increased, and the levels of
metabolites of (1,4,5)IP; were increased. In addition, Ca%*
stores in Q212L-a, 4 cells were partially depleted under basal
conditions, and the Ca?* permeability of thapsigargin-sensi-
tive stores was increased (Figs. 4 and 5). These findings of
decreased Ca®* store size and increased Ca®* store perme-
ability are consistent with a basal elevation of (1,4,5)IPg in
Q212L-a, ¢ cells.

The absence of persistent activation of Ca?* influx despite
partial Ca®* pool depletion in Q212L-a, ¢ cells presents some-
thing of a paradox because depletion of intracellular stores is
thought to act as a signal for calcium entry in nonexcitable
cells, including 3T3 cells (38). The lack of Ca?* entry in the
Q212L-a, 4 cells may result from either desensitization of the
influx pathway or a nonlinear relationship between pool de-
pletion and activation of store-operated Ca?* influx. In one
study, partial desensitization of store-operated influx has
been demonstrated in thapsigargin-treated HeLa cells (39).
In another study, desensitization of influx was postulated
based on the absence of store-operated Ca®* influx in smooth
muscle cells after overnight depletion of Ca?* stores by thap-
sigargin (85). A nonlinear relationship between Ca?* store
depletion and activation of influx has been reported in hu-
man neutrophils (40). In the latter study, a 50% decrease in
stored Ca?* caused very little activation of influx, whereas
further store depletion was proportional to activation of in-
flux. If a similar relationship exists in NTH-3T3 cells, the 50%
depletion of Ca%* stores found in Q212L-a, 4 cells (Fig. 5) may
be below threshold for significant activation of influx. Fur-
ther experiments will be required to quantify the relation-
ship between intracellular Ca?* pool depletion and activa-
tion of Ca?* influx and to explore the nature of
desensitization of store-operated Ca?* entry in NIH-3T3
cells.

Decreased responsiveness to agonists and to
(1,4,5)IP, in Q212L-a,4 cells. The observed decrease in
agonist-induced Ca?* release in Q212L-a, ¢ cells in response
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to both a PIC-B and a PIC-y coupled agonist suggested that
the mechanism responsible was not directly related to G
protein activation but rather occurred downstream from PIC
activation. In a related study, Kalinec et al. (6) postulated
that NIH-3T3 cells transfected with GTPase-deficient G, ac-
cumulated less IP; in response to serum stimulation because
these cells were selected for their ability to metabolize IP,
rapidly. Such adaptive changes in signaling pathways in
response to aberrant expression of one or more steps are not
uncommon. Fee et al. (31) found that in Chinese hamster
fibroblasts selected for diminished responsiveness to throm-
bin, a substantial diminution in the expression of PIC-8, was
accompanied by increases in other PIC forms. In the current
study, decreased agonist responses in Q212L-a, 4 cells can be
accounted for by the combined effects of partial Ca%* pool
depletion, a direct effect of stimulated PIC activity, and
down-regulation of IPg receptor number, likely an adaptive
response to prolonged (1,4,5)IP; elevation. Also, a contribu-
tion from altered (1,4,5)IP3 metabolism cannot be ruled out.

The decrease in IPg receptor number in Q212L-a,q cells
exhibiting constitutively activated PIC hydrolysis is similar
to the reported down-regulation of IPg receptor number in
cultured human neuroblastoma cells occurring after pro-
longed exposure to the PIC-linked agonist carbachol (29, 41,
42). In one study (41), exposure of cells to carbachol for 6 hr
caused a 90% decrease in IP; receptor number. This was
shown to be accompanied by a 3-fold increase in the ECg, for
(1,4,5)IP;-mediated “°Ca release from permeabilized cells
and a decrease in the maximal extent of 4°Ca release to 34%
(29). Down-regulation resulted from an increased rate of
receptor degradation and required the presence of functional
Ca®* stores and persistent elevation of (1,4,5)IPg (41). The
authors’ conclusion that the signal for increased IPg receptor
degradation was the increased efflux of Ca?* from intracel-
lular stores via the IP; receptor is consistent with the data
obtained in the current study, although the mechanism(s)
responsible for IP; receptor down-regulation in Q212L-a,¢
cells have not been explored.

In a second study, Honda et al. (43) demonstrated that
microinjection of mRNAs for the platelet-activating factor
receptor and constitutively activated G, into Xenopus oocytes
caused transient inhibition of platelet-activating factor-acti-
vated Cl~ current and down-regulation of IPg receptors.
These authors invoked IP; receptor down-regulation as a
potential mechanism for heterologous desensitization in in-
flammatory cells. Taken together, these results (29, 41-43)
and our results suggest that IP; receptor regulation may be
a general mechanism for termination or attenuation of pro-
longed activation of PIC-linked receptor signaling. In Q212L-
a,¢ cells, down-regulation of IP; receptor number allowed
these cells to maintain a physiological basal Ca?* concentra-
tion and partially filled Ca%* stores, at the expense of de-
creased agonist responsiveness and diminished cell growth
rate.
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