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We have developed a polyclonal antibody that activates the heterodimeric p85-p110 phosphatidylinositol (PI)
3’-kinase in vitro and in microinjected cells. Affinity purification revealed that the activating antibody recog-
nized the N-terminal SH2 (NSH2) domain of p85, and the antibody increased the catalytic activity of recom-
binant p85-p110 dimers threefold in vitro. To study the role of endogenous PI 3’-kinase in intact cells, the
activating anti-NSH2 antibody was microinjected into GRC+LR73 cells, a CHO cell derivative selected for
tight quiescence during serum withdrawal. Microinjection of anti-NSH2 antibodies increased bromodeoxyuri-
dine (BrdU) incorporation fivefold in quiescent cells and enhanced the response to serum. These data reflect
a specific activation of PI 3’'-kinase, as the effect was blocked by coinjection of the appropriate antigen
(glutathione S-transferase-NSH2 domains from p85a), coinjection of inhibitory anti-p110 antibodies, or
treatment of cells with wortmannin. We used the activating antibodies to study signals downstream from PI
3’-kinase. Although treatment of cells with 50 nM rapamycin only partially decreased anti-NSH2-stimulated
BrdU incorporation, coinjection with an anti-p70 S6 kinase antibody effectively blocked anti-NSH2-stimulated
DNA synthesis. We also found that coinjection of inhibitory anti-ras antibodies blocked both serum- and
anti-NSH2-stimulated BrdU incorporation by approximately 60%, and treatment of cells with a specific
inhibitor of MEK abolished antibody-stimulated BrdU incorporation. We conclude that selective activation of
physiological levels of PI 3’-kinase is sufficient to stimulate DNA synthesis in quiescent cells. PI 3’-kinase-

mediated DNA synthesis requires both p70 S6 kinase and the p21™*/MEK pathway.

Phosphatidylinositol (PI) 3'-kinases are a family of enzymes
with homologous catalytic subunits and varied regulatory do-
mains or subunits (26). Isoforms of PI 3'-kinase include het-
erodimeric PI 3’-kinases that are stimulated by binding of
regulatory SH2 domains to tyrosine phosphoproteins, an iso-
form form that is regulated by By subunits from trimeric G
proteins, a monomeric form that is homologous to the VPS-34
yeast PI 3’-kinase, and isoforms containing C2 regulatory do-
mains (13, 20, 22, 37, 43, 48, 57, 58, 63, 64). Substrate speci-
ficities of the PI 3’-kinases also vary: the p85-p110 and Bry-
stimulated PI 3’-kinases utilize PI, PI 4-P and PI 4,5-P,,
whereas the VPS-34-like PI kinases are specific for PI (20, 58,
64) and the C2-domain-containing isoforms preferentially uti-
lize PI and PI 4-P (37, 63). The catalytic subunit of the p85-
p110 PI 3’-kinase is also homologous to a yeast PI 4-kinase, the
ataxia telangiectasia gene product, the DNA-dependent pro-
tein kinase, and the TOR2/FRAP/RAFT proteins, which are
upstream regulators of p70 S6 kinase and targets of the immu-
nosuppressant rapamycin (14, 18, 30, 55, 56).

The heterodimeric PI 3’-kinase is composed of an 85-kDa
regulatory subunit (p85) and a 110-kDa catalytic subunit
(p110) (reviewed in reference 26). The p85 regulatory subunit
contains multiple modular domains which mediate interactions
with regulatory proteins, including two SH2 domains, one SH3
domain, two proline-rich domains, and a rho-binding domain
homologous to the Ber gene product (26). The activity of
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p85-p110 dimers is increased by binding of the two SH2 do-
mains to proteins containing phosphorylated YMXM motifs
(2, 7), binding of the SH3 domain to proline-rich sequences
(16), binding of exogenous SH3-containing proteins to proline-
rich domains in p85 (46), and binding of rho-family GTPases to
the Ber homology domain (61). It is not clear how these dis-
tinct regulatory events are integrated in intact cells. Activation
of p85-p110 PI 3'-kinase also may require p21™*, as expression
of a dominant negative N17 ras mutant in PC12 cells blocks
epidermal growth factor-stimulated accumulation of PI
3,4,5-P5 (51) and p110 binding to ras-GTP increases activity in
vitro (25).

Activation of p85-p110 PI 3'-kinase has been implicated in a
wide range of cellular activities, including control of prolifer-
ation, cytoskeletal organization, apoptosis, neurite outgrowth,
vesicular trafficking, and insulin-stimulated glucose transport
(9, 25, 27, 29, 34, 42). However, much of the data on the role
of PI 3'-kinase in particular processes is derived from experi-
ments with inhibitors such as wortmannin and LY294002,
which are only partially specific for PI 3’-kinase (11, 40). Fur-
thermore, these inhibitors do not distinguish which PI 3’-ki-
nase isoform is involved in a given process. Information with
regard to functions of the heterodimeric p85-p110 has also
been obtained from assays using mutant growth factor recep-
tors lacking the phosphorylation sites that bind p85 SH2 do-
mains (6). However, interpretation of these studies is compli-
cated by the finding that the phosphotyrosine binding sites for
PI 3’-kinase can also interact with other SH2-containing pro-
teins (41).

A more specific approach to the evaluation of PI 3’-kinase
signaling in intact cells is the microinjection of antibodies that
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have known effects on PI 3’-kinase activity. Thus, using an
inhibitory anti-p110a antibody, Roche et al. showed that acti-
vation of p85-p110 PI 3’-kinase is required for stimulation of
platelet-derived growth factor (PDGF)- and epidermal growth
factor- but not colony-stimulating factor 1-stimulated DNA
synthesis in NIH 3T3 cells expressing these receptors (50). In
the present study, we confirm that microinjection of an inhib-
itory anti-p110a antibody blocks insulin-stimulated DNA syn-
thesis in CHO cells expressing human insulin receptors. We
have also developed a stimulatory anti-p85 antibody that acti-
vates p85a-p110a dimers threefold in vitro. The antibody stim-
ulates DNA synthesis fivefold in quiescent cells and increases
the response to serum. We used the antibody to assess the
involvement of p70 S6 kinase and the ras/mitogen-activated
protein (MAP) kinase pathway in PI 3’-kinase-induced DNA
synthesis. Treatment of cells with rapamycin had a modest
effect on PI antibody-stimulated DNA synthesis, whereas coin-
jection of an anti-p70 S6 kinase antibody blocked antibody-
stimulated DNA synthesis. We also found that microinjection
of anti-p21™* antibodies or treatment of cells with an specific
inhibitor of MEK blocked antibody-stimulated DNA synthesis.
We conclude that specific activation of physiological levels of
p85-p110 PI 3’-kinase is sufficient to stimulate DNA synthesis
by p70 S6 kinase- and ras-dependent pathways.

MATERIALS AND METHODS

Cells lines. CHO/IR cells are derived from CHO/K1 cells, express 10° human
insulin receptor molecules/cell, and have been previously described (3).
GRC+LR73 cells are growth control revertants derived from CHO cells. They
were selected for survival in suspension culture in the presence of [*H]thymidine
and 10% fetal bovine serum (FBS), followed by a second selection for reversion
to fibroblastic morphology upon replating (47). GRC+LR73 cells show a tight
G, arrest during serum deprivation (47). Cells were maintained in F12 medium
(CHO/IR) or alpha minimal essential medium (GRC+LR73) containing 10%
FBS.

Preparation and purification of antibodies and GST fusion proteins. Anti-
bodies to the C terminus of bovine pl10a (residues 1054 to 1068) or to a
glutathione S-transferase (GST) fusion protein containing residues 321 to 724 of
human p85a were raised in New Zealand White rabbits at Hazelton Research
Products as previously described (3). The anti-p110 antibodies were purified by
affinity chromatography, using the peptide coupled to epoxy-Sepharose (Phar-
macia). The anti-p85 serum was passed multiple times over a CNBr-Sepharose-
GST column to remove anti-GST antibodies. The remaining antibodies were
fractionated by chromatography on columns of CNBr-Sepharose coupled to GST
fusion proteins containing the N-terminal or C-terminal SH2 (NSH2 or CSH2)
domain of p85 (21). Antibodies against the inter-SH2 (iSH2) domain were
prepared by first passing the anti-p85 antibody two times over both the NSH2
and CSH2 columns. The flowthrough, containing antibodies that were not ab-
sorbed by the NSH2 and CSH2 columns, was then passed over a column of
CNBr-Sepharose coupled to a GST fusion protein containing residues 321 to 724
of p85, which includes the NSH2, CSH2, and iSH2 domains. Reactivity of the
antibodies with each domain was confirmed by Western blotting.

Anti-ras monoclonal antibodies (clone Y13-259) (15) were produced by using
a CellMax hollow fiber reactor and purified on protein G-Sepharose (Pharmacia)
prior to use. A second ras monoclonal antibody (Y13-238) (15) was purified from
hybridoma tissue culture supernatants on protein G-Sepharose. An anti-p70 S6
kinase antiserum (66) raised against a GST fusion protein containing the C-
terminal 104 amino acids of p70 S6 kinase (residues 422 to 525; provided by J.
Avruch, Harvard Medical School) was purified by two passages through a CNBr-
Sepharose-GST column, followed by absorption on a CNBr-Sepharose-GST-p70
(residues 422 to 525) column.

In vitro PI 3’-kinase assays. Recombinant p110 or p85-p110 dimers were
produced in baculovirus-infected Spodoptera frugiperda Sf9 cells as previously
described (53). Lysates from infected or control cells were incubated with anti-
body or rabbit immunoglobulin G (IgG; 2 wg/100 wl, final concentration) for 1 h
at 4°C, followed by 10 min at 22°C in the presence of PI vesicles (20 pg of lipid)
and 45 uM ATP containing 20 pCi of [y-*P]ATP. Lipids were extracted and
analyzed by thin-layer chromatography as previously described (2). Incorpora-
tion of 3P into PI was quantitated on a Molecular Dynamics PhosphorImager.

Immunoblotting. Crude lysates from Sf9 cells infected with a recombinant p85
baculovirus (53) or from GRC+LR73 cells were separated by reducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose. The membranes were blotted with an anti-NSH2 antibody (3
ug/pl), and proteins were visualized with ['>*I]protein-A followed by autoradio-
graphy.
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Microinjection and bromodeoxyuridine (BrdU) incorporation. Cells grown on
polysine-coated coverslips were made quiescent in serum-free medium contain-
ing 0.5% bovine serum albumin (for CHO/IR cells) or 1% fetal bovine serum
(for GRC+LR73 cells) for 48 h prior to injection. Microinjections were con-
ducted by using an Eppendorf semiautomated microinjection system mounted on
a Nikon Diaphot microscope equipped for epifluorescence studies, using needles
pulled on a Sutter P-87 micropipette puller. Antibodies or recombinant proteins
(2 to 4 mg/ml) were mixed with nonspecific rabbit IgG (3 mg/ml) in 5 mM
NaPO,-100 mM KCI (pH 7.4). After injection, cells were kept in serum-free
medium or transferred to 10% FBS or 100 mM insulin as indicated. When
indicated, incubations also included wortmannin (100 nM), suramin (250 pM),
rapamycin (50 nM), or the MEK inhibitor PD98059 (45) (50 uM; New England
Biolabs).

Fifteen hours after injection, cells were incubated with 10 puM BrdU for 2 h
and fixed in 3.7% formaldehyde. Nuclear DNA was denatured by treating the
cells with 4 N HCI for 3 min, and the cells were permeabilized in methanol at
—20°C and stained with rhodamine-conjugated anti-BrdU antibody (to measure
DNA synthesis) and fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
IgG (to determine microinjected cells). The cells were photographed with a
Nikon N6000 camera, and the percentage of BrdU-stained cells in each micro-
injected field was determined. Data from each experiment reflect the counting of
approximately 100 injected cells per condition. The mean and standard error of
the mean (SEM) values were generated by pooling percentages from various
numbers of separate experiments.

RESULTS

Characterization of anti-PI 3'-kinase antibodies. We raised
a polyclonal antibody to a peptide derived from the extreme C
terminus of the PI 3’-kinase catalytic subunit p110 (residues
1054 to 1068). The antibody was affinity purified on a peptide-
CNBr-Sepharose column and incubated with cell lysates from
Sf9 cells expressing recombinant p110a. At a final concentra-
tion of 20 wg/ml, the anti-p110 antibody inhibited PI 3'-kinase
activity by 70%, whereas no inhibition was seen with the con-
trol antibody (rabbit IgG) (Fig. 1A). The anti-p110 antibody
immunoprecipitated PI 3’-kinase activity from cell lysates
(data not shown) but did not detect p110 in an immunoblot.
Our immunoblotting and inhibition data are consistent with
those of Roche et al., who produced an anti-p110 antibody by
using an identical peptide (50).

A second polyclonal antibody was raised to the C-terminal
half of the PI 3’-kinase regulatory subunit p85a (residues 321
to 724), expressed as a GST fusion protein in Escherichia coli.
This fusion protein contains the two p85 SH2 domains and the
iSH2 domain. After removal of anti-GST antibodies and affin-
ity purification, we incubated the anti-p85 antibody with lysates
from Sf9 cells expressing both p85 and p110. We found that the
antibody increased PI 3’-kinase activity approximately twofold
(Fig. 1B, bars a and b). We then fractionated the anti-p85
antibody into pools that specifically recognized the NSH2,
CSH2, and iSH2 domains, as described in Materials and Meth-
ods. When incubated with recombinant p85-p110 dimers, the
anti-NSH2 antibodies increased PI 3’-kinase threefold (Fig.
1B, bar c), whereas the anti-C-SH2 and anti-iSH2 antibodies
had no effect on activity (Fig. 1B, bars d and e). The anti-NSH2
antibody had no effect on recombinant p110 in the absence of
p85 (data not shown). To test the specificity of the anti-NSH2
antibody, we performed immunoblot analyses with crude ly-
sates from GRC+LR73 cells or from Sf9 cells infected with a
p85 baculovirus (Fig. 1C). In both cases, a single 85-kDa band
was detected.

PI 3'-kinase is required for insulin-stimulated DNA synthe-
sis. We used the inhibitory anti-p110 antibodies to determine
if PI 3’-kinase was required for the proliferative response to
insulin. Quiescent CHO/IR cells were injected with anti-p110
antibodies or control IgG, incubated in the absence or pres-
ence of 100 nM insulin for 15 h, and then incubated for 2 h in
10 wM BrdU. The cells were then fixed and stained with FITC-
labeled anti-rabbit IgG secondary antibodies (to locate micro-
injected cells) or rhodamine-labeled anti-BrdU antibodies (to
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FIG. 1. Characterization of anti-PI 3'-kinase antibodies. (A) Lysates from
Sf9 cells expressing p110a were incubated with buffer (Ctl) or with control IgG
or anti-p110 antibody (20 wg/ml) and assayed for PI 3'-kinase activity. The data
are the means of triplicates and are representative of four separate experiments.
(B) Lysates from Sf9 cells expressing p85« and p110a were incubated with buffer
(Ctl), unfractionated anti-p85 antibody, or affinity-purified antibodies against the
p85a NSH2, CSH2, or iSH2 domain. The samples were then assayed for PI
3'-kinase activity. The data are the means of triplicates and are representative of
two separate experiments. (C) Crude lysates from Sf9 cells expressing human p85
(lane a) or crude lysates from GRC+LR73 cells (lane b) were separated by
SDS-PAGE, transferred to nitrocellulose, and blotted with an anti-NSH2 anti-
body followed by ['*I]protein A. The data are representative of two experi-
ments.

detect cells which had entered S phase). Results from a typical
experiment are shown in Fig. 2. In IgG-injected cells, nuclear
BrdU labeling is minimal in quiescent cells (Fig. 2B and C),
whereas all of the injected cells are labeled with BrdU after
insulin stimulation (Fig. E and F). Injection of anti-p110 anti-
bodies had little effect on quiescent cells (Fig. 2H and I) but
markedly reduced the BrdU labeling of insulin-stimulated cells
(Fig. 2K and L). In data pooled from five experiments, injec-
tion of anti-p110 antibodies inhibited insulin-stimulated DNA
synthesis by 70% (Fig. 3). These data confirm the critical role
of PI 3’-kinase in insulin-stimulated DNA synthesis (9, 24).
PI 3’-kinase activation is sufficient for DNA synthesis. We
microinjected the stimulatory anti-NSH2 antibodies into
GRC+LR73 cells, a CHO cell-derived line selected for an-
chorage-dependent growth (47). Unlike the case for CHO/IR
cells, basal levels of BrdU incorporation were approximately
5% in the GRC+LR73 cells. Microinjection of the anti-NSH2
antibodies caused a significant stimulation of BrdU incorpora-
tion (Fig. 4A). Data pooled from four experiments indicated
that BrdU incorporation in anti-NSH2-injected cells increased
to 26.4% = 3.3% from a basal level of 5.6% * 2%. The
magnitude of stimulation in individual experiments was largely
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dependent on variations in basal incorporation but was as high
as 10- to 13-fold in two experiments. BrdU incorporation in
anti-NSH2-injected cells was similar to that seen in serum-
stimulated cells injected with control IgG in this series of
experiments (33.9% =+ 4.3%), although the response to serum
was higher in some experiments. Microinjection of the anti-
NSH2 antibodies actually increased the response to serum (to
46.0% = 5.8%).

Control experiments confirmed that injection of the anti-
NSH2 antibodies acted by specific activation of p85-p110 PI
3’-kinase. Coinjection of cells with a GST fusion protein con-
taining the NSH2 domain of p85 reduced the effects of the
anti-NSH2 antibody, whereas coinjection of GST-CSH2 had
no effect (Fig. 4B). Similarly, stimulation of BrdU incorpora-
tion by the anti-NSH2 antibody was decreased by coinjection
of the inhibitory anti-p110 antibody (Fig. 4C) or by treatment
of cells with 100 nM wortmannin, an inhibitor of PI 3’-kinase
(Fig. 4D). Finally, we showed that injection of the anti-CSH2
antibody, which did not activate PI 3’-kinase activity in vitro
(Fig. 1B), had no effect on BrdU incorporation in intact cells
(Fig. 4E).

Our data show that specific activation of p85-p110 is suffi-
cient to stimulate the progression of quiescent cells into S
phase of the cell cycle. While we presume that the observed
increase in BrdU incorporation was a result of PI 3’-kinase-
mediated activation of downstream signaling pathways, it is
also possible that activated PI 3’-kinase induced an autocrine
loop. Thus, increased secretion of a growth factor could stim-
ulate DNA synthesis by activating cell surface receptors. To
test this possibility, we injected cells with anti-NSH2 antibodies
or stimulated them with insulin and then incubated the cells in
suramin, a polysulfonated naphthylurea that blocks binding of
a number of growth factors to their cell surface receptors (4).
Treatment of the cells with suramin completely blocked insu-
lin-stimulated BrdU incorporation yet had no effect on BrdU
incorporation in cells injection with anti-NSH2 antibodies (Fig.
5). Induction of an autocrine loop by injection of anti-NSH2
antibodies was therefore unlikely.

Requirement for p70 S6 kinase during PI 3’-kinase-stimu-
lated DNA synthesis. To study the mechanism by which acti-
vation of PI 3’-kinase stimulated DNA synthesis, we examined
the role of putative downstream effectors of PI 3'-kinase. p70
S6 kinase has been suggested as a target of PI 3'-kinase, al-
though the data remain controversial (10, 17, 33, 36, 65). We
therefore tested the effect of rapamycin (50 nM), an inhibitor
of p70 S6 kinase activation at the level of FRAP/RAFT-1, on
BrdU incorporation (5, 54). Rapamycin treatment had no ef-
fect on BrdU incorporation in cells injected with control IgG,
whereas it inhibited serum-stimulated BrdU incorporation by
greater than 65% (Fig. 6A). In contrast, BrdU incorporation in
cells injected with anti-NSH2 antibodies was inhibited only
35% by rapamycin.

Cheatham et al. (8) and Weng et al. (66) have recently
shown that an N-terminally truncated p70 S6 kinase is insen-
sitive to rapamycin but still sensitive to wortmannin, suggesting
that FRAP/RAFT1 and PI 3'-kinase lie on distinct pathways
that converge on p70 S6 kinase (8, 66). We therefore reasoned
that inhibition of FRAP/RAFT1 with rapamycin might under-
estimate the role of p70 S6 kinase during specific stimulation of
PI 3'-kinase. To test the requirement for p70 S6 kinase more
directly, we used an antibody raised against residues 422 to 525
of p70 S6 kinase (provided by J. Avruch, Harvard Medical
School). Injection of the anti-p70 S6 kinase antibody reduced
serum-stimulated BrdU incorporation by greater than 60%
and reduced anti-NSH2-stimulated BrdU incorporation to
basal levels (Fig. 6B). The inhibition of anti-NSH2-mediated
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FIG. 2. Microinjection of inhibitory anti-p110 antibodies into CHO/IR cells. CHO/IR cells were injected with rabbit IgG (2 mg/ml) (A to F) or anti-p110 antibody
(2 mg/ml) (G to L). After a 15-h incubation in the absence (A to C and G to I) or presence (D to F and J to L) of 100 nM insulin and an additional 2-h incubation
in 10 pM BrdU, the cells were fixed. (A, D, G, and J) Phase-contrast images of four microinjected fields; (B, E, H, and K) staining of the same fields with FITC-labeled
goat anti-rabbit antibodies; (C, F, I, and L) staining of the same fields with rhodamine-labeled mouse monoclonal anti-BrdU antibodies. The nuclei of microinjected

cells are marked with arrows in the panels showing anti-BrdU-labeled cells.

BrdU incorporation by the anti-p70 S6 kinase antibody was
reversed by coinjection of a GST fusion protein containing
residues 422 to 525 of p70 S6 kinase (Fig. 6C), whereas coin-
jection of GST had no effect. Thus, activation of p70 S6 kinase
was required for PI 3’-kinase-mediated mitogenic signaling.
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FIG. 3. Inhibition of insulin-stimulated DNA synthesis by anti-p110. Quies-
cent CHO/IR cells were microinjected with control IgG or anti-p110 antibodies
(2 mg/ml) and incubated in the absence or presence of 100 nM insulin for 15 h,
and BrdU incorporation was determined as described for Fig. 2. The data are the
means = SEM from five separate experiments.

Requirement for ras and MEK during PI 3'-kinase-stimu-
lated DNA synthesis. We examined the requirement for acti-
vation of p21™ during PI 3’-kinase-mediated signaling by coin-
jecting cells with an inhibitory anti-ras antibody (Y13-259) (15,
38). Injection of cells with anti-ras antibodies reduced serum-
stimulated DNA synthesis by 65% (Fig. 7A). However, coin-
jection of anti-ras antibodies also reduced DNA synthesis in
anti-NSH2-injected cells by 57% (Fig. 7A). In contrast to the
effects of Y13-259, coinjection of cells with the nonneutralizing
anti-ras antibody Y13-238 (15, 38) had no effect on anti-NSH2-
stimulated BrdU incorporation (Fig. 7B). Therefore, the stim-
ulation of DNA synthesis either by serum or by specific acti-
vation of PI 3'-kinase showed a requirement for p21™.

To further test whether PI 3’-kinase-mediated signaling in-
volved activation of p21™, we treated cells with an inhibitor of
MEK (45), a dual-specificity kinase that lies downstream from
activated ras (12). Treatment of cells with the MEK inhibitor
PD98059 (50 uM) had little effect on basal BrdU incorpora-
tion, but it inhibited serum-stimulated DNA synthesis by 50%
and abolished antibody-stimulated DNA synthesis (Fig. 7C).
These data suggest that PI 3’-kinase regulates DNA synthesis
by a pathway requiring p21™* and its downstream effectors.

DISCUSSION

Using antibodies with known effects on the activity of p85-
p110 PI 3’-kinase, we have demonstrated that PI 3’-kinase
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FIG. 4. Stimulation of DNA synthesis by injection of activating anti-NSH2
antibodies. Quiescent GRC+LR73 cells were injected with control IgG or anti-
NSH2 antibody («NSH2; 2 mg/ml) and incubated in the absence or presence of
10% FBS for 15 h. BrdU incorporation was then determined as described for Fig.
2. The data are the means = SEM from four separate experiments. (B) Quies-
cent GRC+LR73 cells were injected with control IgG or anti-NSH2 antibody
(aNSH2) in the absence or presence of GST, GST-NSH2, or GST-CSH2 fusion
protein (3 mg/ml). BrdU incorporation after 15 h was determined. The data are
the means * standard deviations (SD) from two separate experiments. (C)
Quiescent GRC+LR73 cells were injected with control IgG or anti-NSH2 anti-
body («NSH2) in the absence or presence of inhibitory anti-p110 antibody (2
mg/ml). BrdU incorporation after 15 h was determined. The data are the
means = SEM from four separate experiments. (D) Cells were injected with
control IgG or anti-NSH2 antibody («NSH2) and incubated in the absence or
presence of 100 nM wortmannin (WM) for 15 h, and BrdU incorporation was
determined. The data are the means * SD from two separate experiments. (E)
Cells were injected with control IgG or anti-CSH2 antibody («CSH2) and incu-
bated in the absence or presence of 10% FBS for 15 h, and BrdU incorporation
was determined. The data are the means = SD from two separate experiments.

activation is both necessary and sufficient to mediate the pro-
gression of quiescent cells into S phase. Microinjection of ac-
tivating anti-NSH2 antibodies increases BrdU incorporation
fivefold in quiescent cells and enhances the response to serum.
Antibody-stimulated DNA synthesis is unaffected by suramin
and is therefore unlikely to reflect induction of an autocrine
loop. Notably, our data reflect stimulation of endogenous PI
3’-kinase and show that physiological levels of activated PI
3’-kinase are sufficient to induce DNA synthesis.

Our work is in concordance with previous studies showing
that activation of PI 3’-kinase is necessary for proliferative
responses to mitogens. Using an inhibitory antibody similar to
the one used here, Roche et al. showed that PI 3’'-kinase was
required for PDGF- but not colony-stimulating factor 1-stim-
ulated DNA synthesis in NIH 3T3 cells (50). Less specific
approaches, such as microinjection of p85 SH2 domains or
treatment of cells with the PI 3’-kinase inhibitors, have also
suggested a role for PI 3’-kinase in insulin-stimulated DNA
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FIG. 5. Antibody-stimulated DNA synthesis is not mediated by an autocrine
loop. Quiescent GRC+LR73 cells were either not injected or injected with
control IgG or anti-NSH2 antibody («NSH2) as indicated (2 mg/ml). The cells
were incubated in medium in the absence or presence of suramin (250 wM) and
insulin (Ins.; 100 nM) as indicated for 15 h, and BrdU incorporation was deter-
mined. The data are the means = standard deviations from two separate exper-
iments.

synthesis (9, 24). Earlier studies have shown that mutation of
tyrosine kinase receptors, so as to remove tyrosine phosphor-
ylation sites known to interact with p85 and p110, blocks pro-
liferative responses to growth factors (6). However, PI 3'-
kinase and Nck share a binding site in the PDGF receptor (41),
and selective removal of a given phosphorylation site may
therefore affect the regulation of signaling molecules unrelated
to PI 3'-kinase.

Several previous studies have addressed whether activation
of PI 3'-kinase is sufficient to initiate proliferative responses.
An elegant study by Valius and Kazlauskas showed that resto-
ration of Tyr’* and Tyr”®! in a mutant PDGF receptor lacking
five tyrosine phosphorylation sites restored PI 3’-kinase acti-
vation and partially restored PDGF-stimulated DNA synthesis
(62). However, the possibility of degeneracy in the binding of
SH2 domain-containing proteins to these sites complicates the
interpretation of this study (41). Alternatively, Hu et al. and
Weng et al. showed that overexpression of an activated p110
construct (i) increased c-fos expression and p70 S6 kinase
activation in Cos cells and (ii) stimulated raf and Erk phos-
phorylation and enhanced the maturation of Xenopus oocytes
(23, 65). A membrane-targeted p110 was even more effective in
activating p70 S6 kinase and also activated the Akt and JNK
kinases (28). However, DNA synthesis was not measured in
these studies.

Although the mechanism by which PI 3’-kinase stimulates
DNA synthesis is not yet clear, four potential downstream
pathways have been suggested. The first involves calcium-in-
dependent and atypical protein kinase C isoforms, which are
activated in vitro and in permeabilized cells by the 3-phospho-
inositide products of PI 3’-kinase (39, 59, 60, 69) or by over-
expression of p110 (1). The second involves activation of rac,
which is upstream of the JNK/stress-activated protein kinases
that phosphorylate c-jun (19, 28, 32, 35). The third involves p70
S6 kinase, whose activation by mitogens is critical for progres-
sion from G, to S phase of the cell cycle (10, 17, 33, 36, 65).
The fourth involves the activation of p21"** (23, 51). The last
two pathways are addressed in this study.
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FIG. 6. Role of p70 S6 kinase in PI 3'-kinase-mediated DNA synthesis. (A)
Quiescent GRC+LR73 cells were either not injected or injected with control
IgG or anti-NSH2 antibody («NSH2) as indicated (2 mg/ml). The cells were
treated without or with 50 nM rapamycin for 30 min and then incubated in the
absence or presence of 10% FBS for 15 h. BrdU incorporation was determined
as described in the text. The data are the means = SEM from three separate
experiments. (B) Quiescent GRC+LR73 cells were injected with control IgG,
anti-NSH2 antibody («NSH2; 2 mg/ml), and anti-p70 S6 kinase antibody (aS6-
Kinase; 2 mg/ml) as indicated. The cells were then incubated in the absence or
presence of 10% FBS for 15 h, and BrdU incorporation was determined. The
data are the means = SEM from three separate experiments. (C) Quiescent
GRC+LR73 cells were injected with control IgG, anti-NSH2 antibody («NSH2;
2 mg/ml), and anti-p70 S6 kinase antibody («S6-Kinase; 2 mg/ml) as indicated in
the absence or presence of GST-p70 (residues 422 to 525) or GST (both at 2
mg/ml). The cells were then incubated for 15 h, and BrdU incorporation was
determined. The data are the means = SD from two separate experiments.

We find that treatment of cells with rapamycin inhibits BrdU
incorporation by approximately 35% in cells injected with stim-
ulatory anti-NSH2 antibodies, whereas coinjection of an anti-
p70 S6 kinase reduces antibody-stimulated DNA synthesis to
basal levels. Growth factor stimulation of p70 S6 kinase is
inhibited by both rapamycin (which acts at the level of FRAP/
RAFT1) and wortmannin (which acts on PI 3'-kinase) (9, 10,
31, 49). However, N-terminal truncation mutants of p70 S6
kinase are sensitive to wortmannin but not rapamycin, suggest-
ing that these two drugs define independent inputs to p70 S6
kinase (8, 66). Consistent with these findings, rapamycin is only
partially effective in blocking anti-NSH2-stimulated DNA syn-
thesis, as it presumably reduces basal activation of p70 S6
kinase from the FRAP/RAFT1 pathway but does not affect the
PI 3’-kinase-specific activation. The anti-p70 S6 kinase anti-
body, however, targets the enzyme itself and effectively blocks
PI 3’-kinase-stimulated signaling. These data support the hy-
pothesis that activation of p70 S6 kinase plays a major role in
PI 3’-kinase-dependent mitogenic signaling.

We find that microinjections of neutralizing anti-ras anti-

STIMULATION OF DNA SYNTHESIS BY PI 3'-KINASE 253

% BrdU Incorporation

1|

12G FBS FH&

eNSH2Z aNSH2 7 1IgG aNST2 oNSHZ aNSI2

+lgli +roe-res Fet-ras H0iras s
(259) (259) (238 (259)
&0
C.

&

s 40

8

B

o

1

=

=

E 20

o

2

o= - -
+ + + PIoRise

[gG  FDS  aNSHZ

FIG. 7. Roles of p21"* and MEK in PI 3'-kinase-mediated DNA synthesis.
(A) Quiescent GRC+LR73 cells were injected with control IgG, anti-NSH2
antibody (aNSH2; 2 mg/ml), and neutralizing anti-ras antibody [aras(259); 0.75
mg/ml] as indicated. The cells were then incubated in the absence or presence of
10% FBS for 15 h. BrdU incorporation was determined as described in the text.
The data are the means = SEM from three separate experiments. (B) Quiescent
GRC+LR73 cells were injected with control IgG, anti-NSH2 antibody («NSH2;
2 mg/ml), neutralizing anti-ras antibody [aras(259); 0.75 mg/ml], or nonneutral-
izing anti-ras antibody [aras(238); 0.75 mg/ml] as indicated. BrdU incorporation
was determined after 15 h. The data are the means = SEM from three separate
experiments. (C) Quiescent GRC+LR73 cells were either not injected or in-
jected with control IgG or anti-NSH2 antibody («NSH2) as indicated. The cells
were treated without or with 50 puM PD98059 for 30 min and then incubated in
the absence or presence of 10% FBS for 15 h. BrdU incorporation was deter-
mined as described in the text. The data are the means * SEM from three
separate experiments.

bodies have similar inhibitory effects on cells injected with an
anti-NSH2 antibody or treated with serum. Furthermore, the
MAP kinase kinase (MEK) inhibitor PD98059 completely
blocks antibody-stimulated DNA synthesis but only partly in-
hibits serum-stimulated DNA synthesis. The inhibition of an-
tibody-stimulated DNA synthesis by anti-ras antibodies could
reflect a requirement for basal levels of ras function or could
be due to a disruption of binding interactions between p110
and p21"™ (51, 52). However, the complete inhibition of PI
3’-kinase-mediated DNA synthesis by PD98059 suggests that
PI 3’-kinase signaling involves not just basal ras activity but
activation of the MAP kinase cascade. These findings are con-
sistent with overexpression experiments showing that an acti-
vated PI 3'-kinase increases ras-GTP levels and raf and ERK
phosphorylation in Xenopus oocytes (23). Yamauchi et al. have
also suggested that PI 3’-kinase functions above ras during
insulin-stimulated induction of c-fos in CHO cells (67). How-
ever, it is also possible that the effects of anti-ras antibodies
and the MEK inhibitor on PI 3’-kinase signaling are indepen-
dent. Thus, anti-ras antibodies could disrupt basal ras-p110
binding which may be required for PI 3'-kinase signaling (51),
whereas activation of PI 3’-kinase could feed into the MAP
kinase cascade at a level above MEK but below or independent
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of ras. Additional experiments will be required to define the
point at which signals emanating from PI 3’-kinase intersect
with the MAP kinase cascade.

The novel activating antibody described in this study will be
an powerful tool in dissecting the role of PI 3'-kinase in various
cellular responses. In addition, it will be extremely useful in
delineating the mechanism by which occupancy of p85 SH2
domains regulates p110. The antibody does not activate PI
3'-kinase by inducing dimerization, as antibodies against the
iSH2 and CSH2 domains can also produce p85 dimers yet do
not activate. It is important to note that our data do not suggest
that the CSH2 domain is uninvolved in activation of p110 but
merely indicate that our anti-CSH2 antibodies are not activat-
ing. In fact, we have previously shown that both N-terminal and
C-terminal SH2 domains contribute to regulation of PI 3'-
kinase (53). Presumably, the anti-NSH2 antibody activates
p85-p110 dimers by forcing p85 into a conformation that mim-
ics the activated, phosphoprotein-bound state. Previous studies
have in fact shown that activating phosphopeptides induce
conformational changes in the NSH2 domain of PI 3'-kinase
(44). Determination of the epitopes recognized by our anti-
body will be useful in mapping region within the p85 SH2
domains whose conformation is linked to activation of the p110
catalytic subunit.
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