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Class Ia phosphoinositide 3-kinases (PI3Ks) are heterodimers of p110 catalytic and p85 regulatory subunits
that mediate a variety of cellular responses to growth and differentiation factors. Although embryonic devel-

opment is not impaired in mice lacking all isoforms of the p85« gene (p85a

/= p55a~/~ p50a™/7) or in mice

lacking the p85p gene (p85B~'~) (D. A. Fruman, F. Mauvais-Jarvis, D. A. Pollard, C. M. Yballe, D. Brazil, R. T.
Bronson, C. R. Kahn, and L. C. Cantley, Nat Genet. 26:379-382, 2000; K. Ueki, C. M. Yballe, S. M. Brachmann,
D. Vicent, J. M. Watt, C. R. Kahn, and L. C. Cantley, Proc. Natl. Acad. Sci. USA 99:419-424, 2002), we show
here that loss of both genes results in lethality at embryonic day 12.5 (E12.5). The phenotypes of these embryos,
including subepidermal blebs flanking the neural tube at E§ and bleeding into the blebs during the turning
process, are similar to defects observed in platelet-derived growth factor receptor o null (PDGFRa™'~) mice
(P. Soriano, Development 124:2691-2700, 1997), suggesting that PI3K is an essential mediator of PDGFRa

signaling at this developmental stage. p85a ™’

~ p55a’* p50a™/t p85B '~ mice had similar but less severe

defects, indicating that p85a and p85@3 have a critical and redundant function in development. Mouse embryo
fibroblasts deficient in all p85« and p85p gene products (p85a™'~ p55a™'~ p50a™'~ p85B /") are defective
in PDGF-induced membrane ruffling. Overexpression of the Rac-specific GDP-GTP exchange factor Vav2 or
reintroduction of p85a or p85f rescues the membrane ruffling defect. Surprisingly, reintroduction of pS0« also
restored PDGF-dependent membrane ruffling. These results indicate that class Ia PI3K is critical for PDGF-
dependent actin rearrangement but that the SH3 domain and the Rho/Rac/Cdc42-interacting domain of p85,
which lacks p50a, are not required for this response.

Hormone and growth factor stimulation of phosphoinositide
3-kinases (PI3Ks) results in production of lipid second mes-
sengers at the plasma membrane that initiate a complex net-
work of signaling pathways that have been implicated in cell
growth, cell survival, cell proliferation, and cell migration (7,
12, 38, 44). Disregulation of the PI3K pathway by loss of
PTEN, the phosphatase that degrades phosphatidylinositol-
3,4,5-trisphosphate (PI-3,4,5-P;), or by activating mutations in
the p110a catalytic subunit of PI3K is one of the most frequent
events in human cancers (9, 27, 33, 42). However, the role of
individual isoforms of PI3K in development and in signaling is
poorly understood.

Mammalian PI3Ks can be grouped into three major classes,
based on primary sequence, mechanism of regulation and sub-
strate specificity. Class Ia PI3Ks are heterodimers consisting of
a catalytic subunit (p110) and a regulatory subunit (p85).
These enzymes are thought to provide the major source of
PI-3,4,5-P5 in vivo upon activation of receptor type protein-
tyrosine kinases. Multiple isoforms of class Ia PI3K exist in
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mammals (14). Three different genes encode class Ia catalytic
subunits, termed p110c, p110B, and p1105. Three genes have
also been described for the associating regulatory subunit. Two
genes encode isoforms of 85 kDa, termed p85a (Pik3rl) and
p85B (Pik3r2). The Pik3rl gene also produces two major al-
ternative transcripts encoding the smaller proteins pSSa and
p50a. These shorter isoforms include the two C-terminal Src-
homology 2 (SH2) domains and the p110 interacting domain
but lack the N-terminal SH3 domain, proline-rich regions, and
a domain that mediates interaction with Rho/Rac/Cdc42 fam-
ily members. A third gene encodes p55+y (or pSSPIK), a protein
with similar structure to p55a. The p85a and p85B proteins are
ubiquitously expressed, whereas the smaller isoforms are dis-
tributed in a tissue-specific manner.

Activation of PI3K by the platelet-derived growth factor
(PDGF) receptor (PDGFR) has been extensively studied.
PDGF binding to the receptor activates autophosphorylation
at sites (Tyr 740 and Tyr 751) that mediate binding to the SH2
domains of the p85 regulatory subunit of PI3K (21). This
interaction recruits PI3K to the plasma membrane and turns
up its catalytic activity for local production of PI-3,4,5-P5. PI-
3,4,5-P; acts as a second messenger that recruits and activates
intracellular signaling molecules such as the Ser/Thr protein
kinase AKT/PKB, Tec family tyrosine kinases, and Arf ex-
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change factors. In vitro studies using PI3K binding mutants of
the PDGFRp have indicated that PI3K is responsible for
PDGF-induced cell proliferation, cell survival, and migration
(2,20, 24, 41). However, these mutations have also been shown
to disrupt association with other signaling molecules (30). Ex-
periments using dominant-negative forms of PI3K and drug
inhibitors have supported a role for PI3K in PDGF-dependent
cell ruffling and chemotaxis (24, 34, 45, 46). But these studies
are complicated by the ability of dominant-negative forms of
PI3K to compete with other signaling proteins for binding to
the PDGFR and by the ability of existing PI3K inhibitors to
inhibit a variety of lipid kinases and protein kinases. Thus, to
evaluate the role of PI3K isoforms in PDGF signaling during
development and in isolated cells, it is critical to delete specific
genes.

We show here that targeted disruption of all p85« and p858
gene products (p85a '~ p55a~/~ p50a~/~ p85B~/7) causes
death by embryonic day 12.5 (E12.5), accompanied by similar
defects to those seen in PDGFRa null mice. We observed
similar phenotypes in p85a~'~ pS55a™*’* p50a*’t p85ET/T
mouse embryos and in p110a™/~ mouse embryos. We con-
clude that during development, p110« fulfills unique functions
downstream of the PDGFR « that cannot be mediated by
pl10B. We also conclude that the shorter alternative splice
forms of p85a cannot fully compensate for p85« and p858 at
this stage of development.

We also show that mouse embryonic fibroblasts (MEFs)
lacking all isoforms of p85a and p85B are impaired in PDGF-
induced membrane ruffling and that this defect can be ex-
plained by a defect in PDGF-induced Rac activation, since
overexpression of the Rac-specific GDP/GTP exchange factor
(GEF) Vav2 can restore the defects in membrane ruffling.
Reintroduction of either p85a or p85B can also restore the
PDGF-dependent membrane ruffling. Surprisingly, the p50a
protein can also restore PDGF-dependent ruffling. These re-
sults indicate that the SH3 domain, Pro-rich domains, and
Rho/Rac/CDC42 binding domains in the N terminus of p85a
and p85p are not required for PDGF-dependent remodeling of
the actin cytoskeleton.

MATERIALS AND METHODS

Targeted disruption of the Pik3r2 gene and generation of mice lacking p85f.
A mouse p858 cDNA (gift from Sebastian Pons) was used to screen a genomic
DNA library from the 129Sv strain in LambdaFIXII (provided by F. Alt, Chil-
dren’s Hospital, Boston, Mass.). Genomic clones where obtained and mapped by
restriction digest, Southern blotting, and sequencing. We designed a 2-kb tar-
geting construct containing a pgk-neomycin resistance cassette to replace a
1.8-kb region of Pik3r2 which included 5’-untranslated sequence, the start codon,
and the first exon. The pLNTK vector carrying the p858 homologous arms
surrounding the neomycin replacement cassette contained the thymidylate ki-
nase (TK) gene peripheral to these segments. The mouse embryonic stem (ES)
cell line TC-1 (strain 129SvEv) was electroporated (2 X 10e7 cells) with 20 pg of
linearized DNA and subjected to positive selection with G418 (0.4 mg/ml) and
negative selection with ganciclovir (1 pM). One clone of 450 screened contained
a heterozygous disruption of the Pik3r2 gene was identified by Southern blot
analysis with probes flanking the 5" homology region and a probe internal to the
3" homology region. The presence of a single integration event was verified by
hybridization with a Neo probe. We obtained one ES clone with a correctly
targeted p85p allele and injected it into C57BL/6 blastocysts (Beth Israel Dea-
coness Medical Center Transgenic Facility). Highly chimeric mice were bred with
C57BL/6 females to obtain mice with heterozygous loss of p858. The offspring of
p85B™/~ intercrosses were born with expected Mendelian ratios of 1:2:1 (wild-
type/heterozygous/homozygous ratio), revealing that the p85f3 gene product is
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not required during embryonic development. The mutation was subsequently
maintained and studied in a mixed 129SvEv X C57BL/6 background.

p85a™™ p55a*/~ p50a™/~ mice were crossed with p853~/~ mice to obtain
double heterozygous mice. p85a™~ p35a*/T p50at/T p85BT/T mice were
crossed with p858~/~ mice to generate p85a™/~ p55a*/~ p50a™/ p85B/,
which were viable and fertile. Intercrosses of these mice were performed to
generate embryos.

p85a /" p55a™/* p50a™/* mice, lacking only the p85a isoform and retaining
p55a and p50a, were purchased from Taconic Farms. These animals, in the
C57BL/6 background, were crossed with p858 '~ mice (129SvEv X C57BL/6)
under a research crossbreeding license. The resulting double heterozygous mice
were crossed with p858™/~ mice to generate p85a™*/” p55a™/T p50at/T
p858~/~, which were viable and fertile. Intercrosses of these mice were per-
formed to generate embryos.

Southern blot analysis. Recombinant ES cells were screened by Southern blot
(ZetaProbe GT membranes; Bio-Rad) of EcoRI-digested genomic DNA with a
BamHI-digested, 3*P-labeled probe upstream of the 5’ homologous region and
confirmed with a Sacl/EcoRI-digested 3?P-labeled probe inside the 3’ homolo-
gous region. The 5’ probe produced a band at about 9 kb representing the
wild-type allele and a 6-kb band representing the recombinant allele. The 3’
probe produced a 9-kb wild-type band and a 3-kb recombinant band. The pres-
ence of a single integration event was verified by hybridization to genomic DNA
digested with either EcoRI or BamHI with a 3*P-labeled probe to the neomycin
resistance gene by Southern blotting.

Genotyping of p85B-deficient mice. Mice were genotyped by PCR of crude tail
genomic DNA (digested with modified Gitschier’s buffer) with three primers, P1
(5'-GTCGCCTGTGACTTCTGGAAGT-3"), P2 (5'-GCATCCAGCCCACATT
GTGT-3'), and P3 (5'-TGTTAAGAAGGGTGAGAACAGAGTACC-3"). The
PCR volume used was 16 wl containing 0.33 wM (each) P2 and P3 and 0.76 pM
P1, 0.1 ul of Hot Start Tag polymerase, and 1X accompanying buffer and MgCl,
(QIAGEN). A 295-bp product of P1 and P2 represented the endogenous allele,
and a 340-bp product of P1 and P3 represented the recombinant allele, visualized
on a 2% 1x TAE (40 mM Tris, 0.02 N glacial acetic acid, 1 mM EDTA [pH
8])—agarose gel by ethidium bromide staining.

The offspring (and embryos) of crosses between double mutant p85a™/~
p55a™/~ p50a™/~ and p85B '~ mice or p85a ™/~ p55at/T p50at/T and p85R T/~
mice were genotyped for p85a as described by Fruman et al. (13) (p85a™/~
p55a™/~ p50a™/7) or Terauchi et al. (37) (p85a™/~ p55a™/* p50a™/™) and for
p85B as described above.

Histopathology in p85a '~ p55a~/~ p50a™/~ p85B~/~ embryos. E8.5 to 12.5
embryos (129 X BL6) were separated from their yolk sacs, which were then used
for genotyping by PCR. The specimens were fixed in Bouin's solution or For-
malin for 4 h or overnight and then transferred into 70% ethanol. Sagittal sections
were stained by standard hematoxylin and eosin (H&E) staining procedure.

Tissue cell culture. MEFs were generated from embryos at various develop-
mental stages (E8.5 for p85a~/~ p55a~/~ p50a™/~ p85B~/~ and littermate
controls and E11.5 for p85a ™'~ p55a™*/* p50a™*/* p858~/~ and littermate con-
trols). The embryos were removed from their yolk sac and transferred onto
gelatinized 12-well tissue culture dishes containing 15% fetal calf serum—-Dul-
becco’s modified Eagle’s medium (FCS/DMEM). The cells were trypsinized and
expanded very slowly (1:2 or 1:3). The MEFs were immortalized with a replica-
tion-defective retrovirus expressing SV40 large antigen (gift from D. Livingston).
The cells were used for experiments when they achieved a stable growth rate in
growth media containing 15% FCS.

Antibodies and inhibitors. Mouse monoclonal anti-p55y antibody was a gen-
erous gift from M. White. Anti-p110a monoclonal antibody (P94520) was pur-
chased from Transduction Laboratories. Rabbit polyclonal anti-p110a antibody
(SC-7174) was purchased from Santa Cruz. Rabbit polyclonal anti-p110p anti-
body (SC-602) was purchased from Santa Cruz. Mouse monoclonal antiphos-
photyrosine antibody (4G10) was a gift from T. Roberts. Rabbit polyclonal
anti-Akt antibody (9272), rabbit polyclonal anti-mitogen-activated protein kinase
(anti-MAPK) antibody (9102), or rabbit polyclonal antibodies for the phosphory-
lated proteins (9271L and 9101S) were purchased from Cell Signaling Technology,
Beverly, Mass. Mouse monoclonal anti-T7 antibody was purchased from Novagen.
PDGF-BB was purchased from Austral Biologicals. PDGF-AA was purchased from
Sigma. IGF-1 was purchased from Austral Biologicals. Epidermal growth factor
(EGF) was purchased from Upstate Technologies. PS, PI, and PI-4,5-P, were pur-
chased from Avanti Polar Lipids. PI-4-P was purchased from Sigma. Wortmannin
was purchased from Sigma. LY294002 was purchased from Calbiochem.

Immunoblot. Subconfluent cells were starved for 24 h and then stimulated with
various concentrations of growth factors for the indicated times (with or without
pretreatment with 100 nM wortmannin for 20 to 30 min). Cells were washed
three times with ice-cold phosphate-buffered saline (PBS) and then lysed in lysis
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buffer (25 mM Tris [pH 7.2], 137 mM NaCl, 10% glycerol, 1% NP-40, 25 mM
NaF, 10 mM sodium pyrophosphate, 1 mM EDTA, containing fresh protease-
phosphatase inhibitors) for 10 min at 4°C. The clarified lysates were standardized
by Bradford assay and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and probed with various antibodies according to
the manufacturers’ manuals.

PI3K assay. Equal amounts of clarified cell lysate were immunoprecipitated
with anti-p85pan, anti-p110c, anti-p110pB, or 4G10 antisera. The immunoprecipi-
tates (IP) were washed two times with lysis buffer and twice with TNE (10 mM
Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA). The PI3K assay was performed by
adding 20 pl of HEPES (100 mM, pH 7), 20 wl of lipids (67 wM lipid substrate,
133 wM phosphoserine), and 10 wl of ATP mix (70 mM HEPES [pH 7], 50 mM
MgCl,, 0. 5 mM ATP, [y-3?P]ATP at 10 nCi/assay) to 50 ul of IP. The reactions
were performed at room temperature and stopped after 10 min by adding 25 pl
of 5 M HCI. The lipids were extracted with 160 pl of CHCl;—methanol (MeOH)
(1:1). The phosphorylated lipids were spotted on a thin-layer chromatography
plate and separated overnight with 1-propanol-2 M acetic acid (65:35). The
radioactivity was visualized by PhosphorImager (Molecular Dynamics).

HPLC analysis. Subconfluent cells were starved overnight and incubated for
45 min in phosphate-free medium and then labeled for 4 h with 3P (2 mCi/10-cm
plate). The cells were stimulated with 10 ng of PDGF per ml for 5 min, with or
without pretreatment with 100 nM wortmannin for 20 to 30 min. The reaction
was stopped with ice-cold PBS. The cells were lysed in 400 pl of MeOH and 400
wl of 1 M HCI. The lipids were extracted with 400 wl of CHCl; and then with 400
wl of MeOH-0.1 M EDTA. Lipids were deacylated with 1 ml of methylamine
reagent (26.8 ml of 40% methylamine in H,O, 16 ml of H,O, 45.7 ml of
methanol, 11.4 ml of n-butanol) for 50 min at 53°C. Deacylated lipids were dried
and resuspended in 600 pl of H,O and extracted with 600 pl of n-butanol-
petroleum ether—ethyl formate (20:4:1). Then the lipids were mixed with 3H-
labeled standards and analyzed by anion-exchange high-performance liquid
chromatography (HPLC) with a Partisphere SAX column (Whatman) as de-
scribed previously (L.A. Serunian and L. C. Cantley).

Rac activation assay. The levels of Rac GTP were measured by affinity pre-
cipitation with glutathione S-transferase (GST)-CRIB (Cdc42 and Rac interac-
tive region) of PAKG65 (28), as previously described (19).

Time-lapse ruffling. Subconfluent cells plated on coverslips were starved over-
night up to 48 h. The coverslips were then placed into a heated device (37°C) on
an inverted microscope (DIAPHOT 300; Nikon). Pictures were taken every 15's,
and movies were analyzed with Image Pro Plus. Basal ruffling was assessed for 3
min, and then PDGF-BB or insulin-like growth factor 1 (IGF-1) was added to a
final concentration of 50 ng/ml or 20 nM, respectively. Ruffling activity was
monitored for about 15 to 60 min, and then 100 nM wortmannin was added to
determine PI3K-dependent ruffling. The movies were analyzed for the percent-
age of cells forming ruffles after growth factor stimulation.

Phalloidin staining of fixed ruffles. Cells on coverslips were prepared as just
described above. The subconfluent, resting cells were stimulated with 50 ng of
PDGF-BB per ml for 15 min and then washed with CBS (10 mM morpho-
lineethanesulfonic acid [MES; pH 6.1], 138 mM KCIl, 3 mM MgCl,, 2 mM
EGTA, 10 to 11% sucrose). The cells were fixed in CBS containing 3.7% para-
formaldehyde for 20 min and then permeabilized for 10 to 20 min in CBS with
0.1% Triton X-100. The actin cytoskeleton was stained during the permeabili-
zation process with rhodamine-coupled phalloidin. The coverslips were washed
once in CBS and then mounted and analyzed under the microscope for the
percentage of cells exhibiting lamellipodium formation. In order to stain for
T7-tagged Vav2, cells were lysed 24 h after transfection (with or without pre-
treatment with 100 nM wortmannin for 30 min), fixed, and permeabilized as
described above. The cells were blocked in Tris-buffered saline (TBS) containing
5% horse serum and 1% bovine serum albumin (BSA) for 15 min. The primary
anti-T7 antibody was incubated overnight at 4°C, and the secondary fluorescein
isothiocyanate (FITC)-labeled goat anti-mouse antibody was incubated for 30
min at room temperature in TBS containing 1% BSA.

Retroviral addback. p85a '~ pS5a /™ p50a /~ p85B~/~ MEFs were infected
with p85a and p85B or p50a in murine stem cell virus (MSCV)-internal ribo-
somal entry site (IRES) green fluorescent protein (GFP) (pMIG) or pMIG alone
(constructs gift from D. Fruman). The GFP-expressing cells were separated via
fluorescence-activated cell sorting (FACS; BIDMC, Boston, Mass.).

Transient transfections. T7-tagged Vav2 (gift from C. Carpenter) or HA-p55y
(gift from M. White) was introduced into p85a ™/~ p55a~/~ p50a™'" p85p /'~
cells by transient transfection with the Lipofectamine Plus protocol according to
the manufacturer’'s manual.
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RESULTS

Embryonic death of mice lacking all gene products of p85a
and p85p. The early embryonic lethality of mice lacking PI3K
catalytic isoforms p110a or p110p demonstrated an important
nonredundant function of these two catalytic isoforms of class
Ia PI3K in murine development (3, 4). In contrast, mice lacking
all splice forms of p85« survive to birth, and although most die
within a week, occasionally these mice survive to become
adults (13). Mice lacking p85a but expressing the shorter al-
ternative splice forms of this gene, p55a and p50a are fully
viable (37). Although we have not previously published our
strategy for generating p85B '~ mice (presented here in detail
in Materials and Methods), we have reported that these mice
are viable and have increased insulin sensitivity (40). Adult
male mice lacking p85@ have a statistically significant 9% de-
crease in body weight (data not shown). In order to determine
whether the viability of mice lacking individual p85 genes is
due to redundant functions, we generated mice with a com-
bined loss of all p85a and p85B gene products. No mice defi-
cient in both p85« (and its smaller variants) and p85p were
born, demonstrating the requirement for these class Ia PI3K
regulatory subunits in development.

In order to determine at which embryonic stage the mutant
mice died, timed pregnancies were set up and embryos were
analyzed at various stages. Expected Mendelian ratios of viable
embryos lacking p85a, pS5a, pSOa and p85B were detected
until E11.5. However, the mutant embryos exhibited severe
developmental defects (Table 1). All mutant embryos dis-
played one or more subepidermal blebs (detachment of the
most outer epithelial cell layer) flanking the neural tube at a
time just before the embryos turn to achieve the fetal position
(E8 to 8.5) (Fig. 1A). In a few mutant embryos, a dilated
pericardium or twining was observed. After the embryos had
turned about their anterior-posterior axis (E8.5 to 9.5) many of
the blebs were filled with blood (Fig. 1B, C, and E). At later
stages (E10 to 11.5), blebs and other facial abnormalities (e.g.,
clefted face) were detected on the head (Fig. 1D). Some of the
mutant embryos had a dilated, wavy neural tube and exhibited
multiple hemorrhages in the head region and branchial arches.
At E12.5, p85a '~ p55a~'~ p50a /" p85B /" embryos were
pale and exhibited no heartbeat. The mutant embryos were
delayed in their development and therefore smaller than their
littermates. These observations are remarkably similar to de-
fects observed in PDGFRa ™/~ mice (36). This correlation
suggests that class Ia PI3K isoforms are required for
PDGFRa-dependent development at E8 to 12. Histological
sections of p85a /" p55a~/" p50a~’~ p85B /" and control
embryos at E8 to 11.5 were analyzed to elucidate defects of the
mutant mice on the cellular level. The sections of the mutant
mice at E8.5 showed detachment of the outer epithelial cell
layer (Fig. 1E). Sections between E9.5 and 11.5 revealed wavy
neural tubes, disturbed somites as consequences of epidermal
blebbing, increased mesenchyme, and hemorrhaging to various
degrees (data not shown).

Partial redundancy of the smaller PI3K regulatory iso-
forms, pS5a and p50c, in embryonic development. Next, we
investigated whether intact expression of the smaller PI3K
regulatory isoforms pS5a and p5SOa (which do not contain the
N-terminal domains of 85-kDa isoforms) can rescue the de-
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TABLE 1. p85 is required for proper embryonic development

Viability of intercross offspring®

Stage o« ot B ot gl
No. Phenotype No. Phenotype No. Phenotype
ES8-9 9 All embryos have subepidermal blebs flanking neural 6 Normal 5 Normal
tube. Some of the blebs are filled with blood.
E9.5-11.5 12 (of those, 2 dead) All embryos have subepidermal blebs, mostly flanking 27 Normal 15 Normal
neural tube and some on branchial arches or head.
Some of these structures are filled with blood.
Some embryos also exhibit a wavy neural tube.
E11.5-125 14 (of those, 10 dead) Alive embryos have severe facial abnormalities, such 33 Normal 15 Normal
as clefted face, blebbing, and hemorrhaging. A few
embryos exhibit blebs on the trunk and a wavy
neural tube.
>E12.5 10 (of those, 9 dead) Alive embryo is developmentally delayed, with a 30 Normal 12 Normal

small bloody dot in the trunk.

@ Shown is the viability of offspring from p85a™/~ p55a™~ p50a™/~ p85B~/~ intercrosses. Alive embryos deficient in p85a ™'~ p55a™/~ p50a~'~ p85B~/~ were
detected in the expected Mendelian ratios until E11.5. Ten mutant embryos were found after E12.5. However, nine of those were already dead or resorbing. The
phenotypes of p85a~/~ p55a~/~ pS0a~/~ p85B~/~ embryos are also shown. The defects of the mutant embryos included subepidermal blebbing, hemorrhaging, and
waviness of the neural tube. Facial abnormalities occurred after the appearance of blebs in the trunk.

fects seen in p85a ™'~ p55a~/~ p50a '~ p85B~/~ embryos. To
generate mice that lack both 85-kDa isoforms but express the
p55a and p50a isoforms, p85a ™/~ mice—which have the first
exon of p85a deleted but retain exons that allow expression of
the p55a and p50a isoform (37)—were crossed with p853~/~
mice. Viable p85a~/~ p55a™*’* p50a™’* p85B~/~ embryos
were detected until E12.5, but similarly to p85a ™'~ p55a~/~
P50/~ p85B~/~ mice, p85a ' p55a™’t p50att p8SRT/T
mice exhibited blood-filled blebs flanking their neural tube,
hemorrhaging, wavy neural tubes, and facial abnormalities
(Fig. 2A and B) and the embryos were delayed in their devel-
opment (Fig. 2A). However, the phenotype of p85a~'~
p55a™* p50a™’/* p85B T/~ embryos was less severe (fewer
embryos exhibited blebs) than that of p85a™/~ p55a~/~
p50a/~ p85B~/~ embryos, and p85a /" pS5at/t p50at/t
p85B /" mice survived until E13. These data demonstrate that
intact expression of pS5a and p5S0a together can only partially
compensate for loss of PI3K 85-kDa isoforms during embry-
onic development.

Developmental abnormalities in p110a™'~ mice are similar
to those due to combined loss of p85a and p85(3. Next, we
compared the phenotype of pl10a™/~ mice to that of mice
lacking p85« (with or without intact expression of p55« and
p50a) and p85B. In contrast to p110p null mice, which die at
<E3.5 (3), p110a null mice survive until E10.5 (4) and there-
fore overlap temporally with the time frame of the phenotype
observed in p85a~/" p55a~/" pS0a~’" p85B~/" mice. We
intercrossed p110a™~ mice and analyzed timed pregnancies
up to E10.5. Extensive hemorrhaging and proliferative defects
have been described previously for mice with targeted disrup-
tion of pl110a. Interestingly, some of these mutant embryos
have subepidermal blebs (frequently filled with blood) in the
same position as that observed in the p85a™'~ p55a~/~
p50a '~ p85B /" mice (Fig. 2C). The frequency of this and
additional defects are described in detail in the publication by
Bi et al. (4). Thus, p110a and either p85« or p85p appear to be
essential for PDGFRa-dependent developmental events be-
tween E8 and E11.

MEFs lacking p85«, p55«, p50a, and p85f fail to prolifer-
ate unless immortalized with SV40. Mice deficient in all gene
products of p85a and p85B8 (p85a™’~ pSSa™’” pS0a~'~
p85B8 /") die during early embryonic development (described
above). Therefore, the role of PI3K isoforms was studied in ex
vivo experiments. MEFs from p85a™~ p55a~/~ p50a™'~
p858 '~ embryos (E8.5) and littermate control p85a™/~
p55at” p50a™’” p85p '~ embryos were generated. While the
control primary cells could be expanded, the p85a ™/~ p55a ™/~
p50a/~ p85B~/~ primary cells stopped proliferating after
about five passages and adopted a senescence-like morphol-
ogy. In order to establish cell lines, the primary pools were
immortalized by retroviral expression of the SV40 large T
antigen. Three independent cell pools derived from p85a/~
p55a~'" p50a~’~ p85B /" embryos (named M1, M2, and M3)
and one control cell pool derived from a p85a™/~ p55a™~
p50a™ ™ p85B '~ littermate embryo (named C) were estab-
lished. Western blot analysis of normalized total cell lysates
showed complete loss of p85« and p85@ in the mutant cells as
expected (Fig. 3A, upper panel). The smaller isoforms, p55a
and p50a, were not detected in either control or mutant fibro-
blasts in general. Surprisingly, p55y, which is primarily ex-
pressed in brain (31), was substantially upregulated in the
mutant cell pools (Fig. 3A, lower panel).

Further assessment of class Ia PI3K in the cells was made by
measuring PI3K activity in anti-p85 immunoprecipitates from
control cells and the three mutant cell lines M1, M2, and M3.
The antibody used for this immunoprecipitation (anti-p85pan)
was raised against the N-terminal SH2 domain of p85«, which
is retained in p55a and pS0a and highly conserved in p85@3 and
p55y, allowing for cross-recognition of all isoforms by the
antiserum. The amount of PI3K activity in the immunoprecipi-
tates varied between the three mutant pools and was about 5 to
20% of the activity observed in the control cell pool (Fig. 3B).
This residual activity is apparently due to the up-regulated
p55vy in these cells (Fig. 3A). The Western blot does not con-
vincingly reveal p55y protein in the M2 cells, consistent with
the very low PI3K activity (anti-85pan- and anti-p110-associ-
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* p85a-/-p55a-/-pS0a-/-p85p-/-

FIG. 1. Deficiency in class Ia PI3K causes subepidermal blebbing. (A) Subepidermal blebbing in unturned E8 p85a ™/~ p55a~'~ p50a™'~
p85B /" embryo. Shown are one unturned control littermate embryo (left) and one unturned p85a '~ p55a '~ p50a~'~ p858 '/~ embryo (right)
with a subepidermal bleb on the trunk. (B and C) Blood-filled bleb in turned E9.5 p85a '~ p55a~/~ p50a’~ p858~/~ embryos. Shown are one
control littermate embryo (left) and two p85a ™/~ p85B '~ embryos (middle and right). Both embryos lacking p85a gene products and p858 display
blood-filled blebs flanking their neural tube. (D) Facial abnormalities in E11.5 p85a ™/~ p55a~/~ p50a™'~ p85B~/~ embryo. Shown are one control
littermate embryo (left) and a p85a ™/~ p55a~/~ p50a~'~ p85B '~ embryo (right) which has a non-blood-filled subepidermal structure on the head.
(E) Blood-filled, subepidermal bleb in turned E9 p85a ™/~ p55a '~ p50a ™/~ p85B~/~ embryo. Shown are one control littermate embryo (left) and

one p85a~/~ p55a~/ p50a~’~ p85B ' embryo (right). Embryos were dissected at E9 and embedded in paraffin, and sagittal sections were stained
with H&E to study their cell sructures.
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FIG. 2. Partial rescue in p85a '~ p55a™/* pS0a™* p858~/~ embryos. (A) Blood-filled bleb in turned E10.5 p85a~/~ p55a™*/* p50a ™™ p853 "~
embryo. Shown are one control littermate embryo (right) and one p85a~'~ pS5a™/* p50a™/* p858 '~ embryo (left). Embryos lacking both 85-kDa
isoforms (p85a and p85B) display a blood-filled bleb flanking their neural tube. The mutant embryo is smaller than the control littermate.
(B) Minor defects in turned E10.5 p85a~/~ p55a™/* p50a™*’* p858~/~ embryo. Shown are one control littermate embryo (right) and one p85a ™/~
p55at* p50at/* p85B '~ embryo (left). The embryo lacking both 85-kDa isoforms (p85a and p85p) is smaller than the control littermate but
exhibits no blebs. (C) Subepidermal bleb in turned E10.5 p110a™/~ embryo. Shown are one control littermate embryo (left) and one p110a™/~
embryo (right). The embryo lacking p110« displays a subepidermal bleb flanking the neural tube. The mutant embryo is smaller than the control

littermate.

ated PI3K activities [see below] are much lower in the M2 than
in M1 and M3 cell pools). Therefore, M2 cells have much less
pS5vy protein than M1 and M3 cells.

As described previously, p110a stability is enhanced by its
association with the regulatory subunit (48). Therefore, p110a
protein levels and kinase activity were assessed on immuno-
precipitates of mutant and control cell pools with anti-p110a
antibodies. The immunoprecipitates were then either sub-
jected to SDS-PAGE and Western blot analysis with an anti-
p110a antibody, or the immunoprecipitates were subjected to
in vitro PI3K assays. Consistent with greatly reduced p85 lev-
els, the protein level of p110a was significantly decreased as

well (Fig. 3C). The p110«a activity was diminished to about 10
to 40% in the three different mutant cell pools compared to
that in control cells as judged by in vitro PI3K assays (Fig. 3D).

p85a™'~ p550~/~ p50a~/~ p85B '~ MEFs show defective
PI3K activation upon stimulation with PDGF. In order to
assess the contribution of the residual class Ia PI3K (p55y and
associated p110 isoforms) in PDGF-stimulated PI3K activity,
the amount of PI3K activity recruited to Tyr-phosphorylated
proteins after PDGF-BB treatment was determined. Subcon-
fluent serum-starved MEFs were stimulated for 5 min with 10
ng of PDGF-BB per ml with or without wortmannin (100 nM)
pretreatment. The cells were lysed, immunoprecipitated with



VoL. 25, 2005

A. p85 Protein Levels

M1 M3 C Ml
HA-p55y transfected - - - +

Blot: anti-p85pan - <+— p85a

HA-p55y
4 o <+
Blot: anti-p55y -— . - . ‘_955\’

B. p85-associated PI3K Activity

M2 C M2 C

WM: - - + 4 e
sZ
P13P . :‘é g 4
R
- M E T
anti-p8Span IP = .::I: |
& F
M1 M2 M3 C
anti-p8Span IP
C. p110c Protein Levels
C M1 M3

Blot: anti- p110a

— ey «—pll0a

anti-p110c. IP

D. p110a Kinase Activity

C M2 100 1

B ]

PI3P . - ?5 |

E E | —T

s ¥ E
anti-p110c 1P "E

&k A

= L 1 |
M1 M2 M3 C

M: p85a-/-p55a-/-p50a-/-p85H-/-
C: p85at/-p55a+/-pS0at/-p85H-/-

anti-p110c. TP

FIG. 3. Loss of all p85a and p853 gene products is associated with
increased expression of pS55y but reduced overall PI3K activity.
(A) p85 protein levels. HA-p55y was transfected into a mutant cell
pool (M1). The next day, growing MEFs of the indicated genotypes
were lysed and equal amounts of protein were subjected to SDS-
PAGE and immunoblotted with anti-p85pan (upper panel) or anti-
p55vy antisera (lower panel). Panel A shows one out of three indepen-
dent experiments with similar results. (B) p85-associated PI3K activity.
Exponentially growing MEFs of the indicated genotypes were lysed,
and equal amounts of protein were immunoprecipitated with anti-
p85pan antibody. The immunoprecipitates were subjected to in vitro
PI 3 -kinase assay with phosphoinositol (PI) as a substrate. The left
panel in panel B shows a representative radiograph with one mutant
cell pool (M2) and one control cell pool (C). A duplicate set was
pretreated with 100 nM wortmannin (WM) for 20 min to inhibit the
reaction. The right panel in panel B shows a quantification of three
independent experiments described in the left panel, using three dif-
ferent mutant cell pools (M) and one control cell pool (C). Results are
means * standard error of the relative PI3K activity. (C) p110a protein
levels. Exponentially growing MEFs of the indicated genotypes were
lysed, and equal amounts of protein were immunoprecipitated with an
antibody specific for p110a. The immunoprecipitates were subjected to
SDS-PAGE and probed with anti-p110a antibody. Equal loading was
verified by detecting similar amounts of Erk on the same membrane
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antiphosphotyrosine antibody, and then subjected to in vitro
PI3K assays. Only about 10 to 15% of the PI3K activity re-
cruited in control cells was detected in the mutant cells, and as
expected, this activity could be completely inhibited with wort-
mannin pretreatment (Fig. 4A). We also analyzed the gener-
ation of class Ia PI3K lipid products in intact cells after
PDGF-BB treatment. Consistent with the in vitro data,
PDGF-BB stimulated production of both PI-3,4-P, and PI-
3,4,5-P; in the p85a '~ p55a~/~ p50a '~ p85B~'~ MEFs but
the increases in these lipids were only 20 and 30%, respec-
tively, of the increases observed in control cells (Fig. 4B). As
expected, pretreatment with 100 nM wortmannin completely
blocked production of both lipids.

p85a™'~ p55a~'~ p50a™/~ p85B~'~ MEFS show defective
PDGF-dependent phosphorylation of Akt and MAPK. Phos-
phorylation of Akt on residue Ser 473 reflects Akt activity and
has been shown to correlate with PI3K activation. Consistent
with the decreased PDGF-stimulated PI-3,4-P, and PI-3,4,5-P,
production in the p85a /" p55a™'~ p50a~'~ p85p~/~ MEFs,
there was also less PDGF-dependent phosphorylation of Akt
on serine 473 when either subsaturating (1 ng/ml) or saturating
(10 ng/ml) concentrations of PDGF-BB were used. Also the
duration of Akt phosphorylation was reduced in p85a ™/~
p55a~/" p50a’~ p85B~/~ MEFs (Fig. 5A). IGF-1- and EGF-
dependent Akt activations were also reduced in the p85a ™/~
p55a~/" p50a~’~ p85B~/~ MEFs (Fig. 5B).

We also investigated PDGF-dependent Erk activation in the
p85a ™/~ p55a~'~ p50a '~ p85B~/~ MEFs. We found that Erk
phosphorylation was impaired in the mutant cells when a low
level of PDGF (1 ng/ml) was used (Fig. 5C). However, satu-
rating amounts of PDGF-BB (3 to 10 ng/ml) led to normal
Erk1/2 phosphorylation (Fig. 5C). PDGF-dependent phos-
phorylation of the PDGFR on tyrosine residues was not sig-
nificantly different between the control and mutant cell lines
(Fig. 5SD).

MEFs lacking all isoforms of p85« and p85@ exhibit defects
in PDGF-dependent membrane ruffling. PI3K has been impli-
cated in PDGF-dependent membrane ruffling and lamellipo-
dium formation based on studies with receptor mutations,
dominant-negative forms of PI3K, and drugs (8, 24, 34, 45, 46).
Consistent with these results, we found that while PDGF stim-
ulated ruffling and lamellipodium formation in control MEFs,
it failed to do so in the p85a ™/~ p55a ™/~ p50a '~ p85a '~
MEFs (Fig. 6A).

It has been shown that Rac is a crucial mediator of PDGF-
BB-induced ruffling and lamellipodium formation downstream
of PI3K (16). Thus, we investigated Rac activation in the con-
trol and mutant cells. We assessed the activation state of Rac

(data not shown). Panel 3C shows a representative immunoblot with
one control pool (C) and two mutant pools (M1 and M3). (D) p110a-
associated PI3K activity. Exponentially growing MEFs of the indicated
genotypes were lysed, and equal amounts of protein were immunopre-
cipitated with anti-p110a antibody. The immunoprecipitates were sub-
jected to in vitro PI3K assay with PI as a substrate. The left panel in
panel D shows a representative radiograph on one control pool
(C) and one mutant pool (M2). The right panel in panel D shows a
quantification of three independent experiments described in the left
panel, using three mutant pools (M) and one control pool (C). Results
are means * standard error of the relative PI3K activity.
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FIG. 4. Loss of all p85a and p858 gene products results in greatly reduced PDGF-stimulated PI3K activity in vitro and in vivo. (A) In vitro
generation of PI3K products. Growing MEFs of the indicated genotypes were starved and then stimulated for 5 min with 10 ng of PDGF per ml
(with or without pretreatment with 100 nM WM for 20 min). Equal amounts of protein were immunoprecipitated with antiphosphotyrosine
(anti-PY) (4G10), and then an in vitro PI3K assay was performed. The left panel shows a representative experiment with one control clone (C) and
one mutant clone (M1). The right panel shows the fold increase in PDGF-stimulated PI3K activity of three mutant pools in comparison to one

control pool (result of three independent experiments). Results are means

of PI3K products. Growing MEFs of the indicated genotypes were starved,

+ standard error of the relative PI3K activity. (B) In vivo generation
metabolically labeled with **PO,, and then stimulated for 5 min with

10 ng of PDGF per ml (with or without pretreatment with 100 nM wortmannin for 20 min). Lipids were extracted and analyzed by HPLC. The
panel shows one representative experiment out of two independent experiments with similar results.

by using the CRIB domain of PAK65 to pull down GTP-Rac
from serum-starved or PDGF-stimulated cells. PDGF-depen-
dent activation of Rac was observed in the control MEFs but
was impaired in the p85a~/~ p55a /" p50a’~ p85B '~ MEFs
(Fig. 6B). As an internal control, PDGF-dependent Erk phos-
phorylation was similar in the two cell types, as expected for
saturating levels of PDGF.

We also investigated the possibility that restoring Rac acti-
vation by overexpressing the Rac-GEF Vav2 would restore
lamellipodium formation in the p85a ™'~ p55a /" p50a '~
p858~/~ MEFs. The mutant cell pool was transfected with
Vav2. The cells were fixed and the actin structures were stained
with rhodamine phalloidin. Interestingly, overexpression of
Vav2 circumvented the block in ruffling in p85a™/~ p55a~/~
p50a /" p85a~/~ MEFs and caused lamellipodium formation
even in the presence of 100 nM wortmannin (Fig. 6C). These
findings indicate that the impaired Rac activation is the major

cause of the ruffling defects in p85a™/~ p55a~'~ p50a™/~
p85a~/~ MEFs and that overexpression of Vav2 circumvents
the requirement of PI3K for membrane ruffling.

Previous studies using general PI3K inhibitors, dominant-
negative p85, or receptors lacking the p85 binding sites did not
address whether specific PI3K isoforms are required for cellu-
lar responses. The failure of the p85a™/~ p55a™/~ p50a™/~
p85B~/~ MEFs to ruffle in response to PDGF, despite a sig-
nificant but reduced PDGF-dependent stimulation of PI-3,4-P,
and PI-3,4,5-P; production and activation of Akt, could be
explained by a failure to reach the signal threshold for actin
rearrangement. Alternatively, the remaining regulatory iso-
form (p55y) might lack critical domains (SH3, Pro-rich or
Rho/Rac/CDC42-interacting domains) needed for this re-
sponse. To assess the capability of the various p85 isoforms to
mediate PDGF-induced ruffling, the expression of p85«, p858,
or p50a was restored in the p85a™/~ p55a~/" p50a /"
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FIG. 5. Defective signaling in p85a~/~ p55a ™/~ p50a'~ p858~/~ MEFs. (A and B) p85 is required for activation of Akt. MEFs with the
indicated genotypes were starved overnight and then stimulated with 1 to 10 ng of PDGF per ml for 7 to 60 min (A) or saturating amounts of PDGF
(10 ng/ml), IGF-1 (20 nM), or EGF (100 ng/ml) for 5 min (B). Lysates were resolved by SDS-PAGE and immunoblotted with anti-Akt and
anti-phospho-Akt antibodies. Blots are representative of at least three independent experiments for each condition. (C) p85 is required for
PDGF-induced activation of Erk. MEFs with indicated genotypes were starved overnight and then stimulated with 1, 3, or 10 ng of PDGF per ml
for 5 min. Lysates were resolved by SDS-PAGE and immunoblotted with anti-Erk and anti-phospho-Erk antibodies. Note that the antibody that
recognizes total Erk preferentially blots the nonphosphorylated Erk, so increased phosphorylation correlates with decreased blotting of total Erk.
A second loading control for this experiment was added, a blot for total Akt. Blots are representative of at least three independent experiments.
(D) Normal PDGF-dependent tyrosine phosphorylation of the PDGF receptor in mutant cell pools. MEFs with indicated genotypes were starved
overnight and then stimulated with 10 or 20 ng of PDGF per ml for the indicated times. Lysates were resolved by SDS-PAGE and immunoblotted
with anti-PDGF receptor and anti-Akt antibodies. The activation of these proteins wase assessed by antiphosphotyrosine (anti-PY) or phospho-
specific antibodies. The blots are representative of three independent experiments.

p858~/~ MEFs. To do so, the mutant cell pool was infected
with retroviral constructs for p85a, p85B, or p50a. The in-
fected cells were sorted by FACS analysis, since the retrovirus
introduced an additional GFP that could be used as a marker
for infection.

The infected cell pools were first analyzed for expression of
p85 and p110 isoforms by Western blot analysis. The levels of
expression of the p85«, p85B, and pSOa proteins following
retroviral infection and sorting of infected cells were in a range
similar to the expression of p85a in the control cells based on
blotting with the anti-p85pan antibody (Fig. 6D, upper panel).
(This antibody detects p85a somewhat better than p858, im-
plying that p858 expression is slightly higher than the other
isoforms.) In agreement with results in Fig. 3C, p110a levels
are reduced in the p85a™'~ p55a~/~ p50a '~ p85p~/~ MEFs
compared to control MEFs and expression of each of the
regulatory subunit isoforms restored the p110a protein to a
level comparable to that observed in the control MEFs (Fig.
6D, lower panel).

Next, the formation of circular ruffles in response to PDGF
or IGF-1 was assessed by time-lapse microscopy of live cells.
Retroviral reintroduction of p85a or p85f into p85a =/~
p55a~/~ p50a/~ p85B~/~ MEFs rescued the ruffling defect
(Fig. 6E). This finding confirms that the impaired membrane
ruffling in p85a '~ p55a /" p50a~’~ p85B '~ MEFs is due to

absence of these genes and not another undefined defect in the
cell lines. Surprisingly, the expression of the smaller p85« iso-
form, pSO0a, which lacks the SH3 domain, Pro-rich regions, and
Rho/Rac/Cdc42 binding domain, was also sufficient to rescue
both PDGF- and IGF-1-dependent membrane ruffling (Fig.
6E). These results indicate that the failure of the p85a™/~
p55a~/ p50a/~ p85B~/~ MEFs to ruffle is due to a failure to
reach a threshold of PI3K signaling rather than absence of the
SH3 domain, Pro-rich regions, and Rho/Rac/Cdc42 binding
domain in the p55+y regulatory subunit.

DISCUSSION

We report here that p85a™/~ p55a~/" p50a™/~ p858~/~
mice have an embryonic lethal phenotype and exhibit defects
similar to those seen in PDGFRa-deficient mice and p110a™/~
mice. We also show that MEFs derived from p85a ™'~ p55a~/~
p50a™'~ p85B~/~ mice have impaired PDGF-dependent sig-
naling, including a defect in Rac activation and in membrane
ruffling. Reintroduction of p85a or p85p restored the PDGF-
dependent ruffling. Surprisingly, the pSOa isoform, which lacks
the SH3 domain, Pro-rich regions, and Rho/Rac/CDC42 bind-
ing domain common to p85a and p85@, also restored PDGF-
dependent ruffling. Expression of the Rac-GEF Vav2 in the
p85a /" p55a/” p50a~’~ p85R '~ MEFs also restored mem-
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FIG. 6. P85 is required for PDGF-induced actin rearrangements. (A) P85 is required for PDGF-induced lamellipodium formation. MEFs with
indicated genotypes were starved and then stimulated with 50 ng of PDGF per ml for 10 min (with or without pretreatment with 100 nM wortmannin
[WM] for 20 min). The cells were fixed and actin structures were stained with rhodamine-phalloidin. The panels are representative of at least three
independent experiments. (B) p85 is required for PDGF-induced activation of Rac. MEFs with the indicated genotypes were transfected with HA-Rac.
The cells were starved overnight and then stimulated for 3 min with 30 ng of PDGF per ml. Equal amounts of lysates were subjected to in vitro binding
assays with the immobilized CRIB domain of PAK65. Bound proteins were resolved by SDS-PAGE and immunoblotted with anti-Rac antibodies (Rac
GTP). The levels of total Rac (Rac) and p85 are shown below. Equal stimulation was assessed by Erk activation. Blots are representative of at least three
independent experiments. While 65% of the control MEFs exhibited PDGF-induced ruffling, 0% of the mutant MEFs ruffled upon PDGF treatment.
(C) Wild-type Vav2 overexpression leads to membrane ruffling in the absensce of PI3K signaling. Control and mutant MEFs were transfected with
T7-tagged wild-type Vav2. The transfected cells were grown for 24 h. Then the cells were fixed (with or without pretreatment with 100 nM wortmannin
for 30 min), and the actin structures were stained with rhodamine-phalloidin. Vav2-expressing cells were identified with anti-T7 antibody staining. About
90% of either control or mutant MEFs (with or without wortmannin) that were overexpressing Vav2 exhibited lamellipodium formation. (D) Retroviral
restoration of p85 isoforms. Mutant (M1) cell pools were infected with retroviral pMIG constructs to restore expression of p85«, p858, or pSO« similarly
to the control (C) cell pool. The infected cells were lysed, and the protein levels were examined by Western blot analysis of the lysates, or, alternatively,
p85/p110 complexes were immunoprecipitated with the anti-p85pan antibody and then examined by Western blot analysis. Blots are representative of at
least three independent experiments. (E) The Rho-GAP domain of p85 is not necessary for PDGF-induced membrane ruffling. Various p85 isoforms
mediate PDGF- or IGF-1-induced membrane ruffling. Mutant (p85a '~ p55a™/~ p50a™'~ p85B /") cell pools were infected with retroviral pMIG
constructs to restore expression of p85a, p85B, or pS0a similarly to the control (p85a™/~ p55a™/~ p50a™'~ p85B /") cell pool. Mutant and control cells
were plated on coverslips, starved overnight, and then stimulated with either 50 ng of PDGF-BB per ml or 20 nM IGF-1. Pictures were taken every 15 s
for 2 h. The number of cells exhibiting circular ruffles were counted and expressed as a percentage of total cells. The data represent the means of at least
three independent experiments *+ standard error.
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brane ruffling. These findings suggest that PDGF-induced
membrane ruffling is dependent on the ability of class Ia PI3K
to promote GTP exchange on Rac (by activating Rac-specific
GEFs), but does not require the direct interaction of Rho/Rac/
CDC42 members with the Rho-GAP homology domain of p85.

Previous studies have shown that targeted disruption of
genes for PDGF or PDGFR family members cause early em-
bryonic death, accompanied by severe developmental abnor-
malities (6, 25, 26, 35, 36). In vitro studies with PI3K inhibitors,
PDGFR mutants, and dominant-negative forms of class Ia
PI3K have suggested that PI3K mediates PDGF-induced cel-
lular events, such as proliferation, cell survival, and cell migra-
tion. Since PI3K is thought to be a major target of the PDGFR,
it was surprising that mice with tyrosine-to-phenylalanine mu-
tations in the PI3K binding sites of the PDGFRp were viable
and had only minor defects in their capillary pressure (17).
However, interpretation of these results is complicated by the
fact that multiple adapter proteins can potentially mediate
PI3K activation independent of direct binding to receptors. We
show here that mice deficient in p85a p55a pSOa p85B have
very similar developmental defects to mice deficient in
PDGFRa (36). This finding points to a major role of class Ia
PI3K downstream of the PDGFRa in vivo. Mice deficient in
p110a also exhibit similar defects, as do mice lacking p85« and
p85B but capable of expressing the pS5a and p50a alternative
splice forms of p85a. These results indicate that during em-
bryonic development stages E8 to E12, the PDGFRa requires
full-length p85 isoforms (either p85a or p85B) and requires
pl10a. The shorter isoforms of p85 (p50c, p55a, and p55vy)
cannot fully substitute for p85 isoforms during development,
either because of inappropriate expression or lack of essential
domains. Also, p110g and p1108 cannot substitute for p110a
during development. Since PDGFRa ™/~ mice survive longer
than mice lacking p85a p55a p50a p85B, during development,
PI3K must be an important mediator of additional receptors
other than the PDGFRa.

The p110 catalytic subunits are thermally unstable when not
bound to a p85 regulatory subunit (48), and the finding of
reduced p110a expression in double-mutant embryos is con-
sistent with our previous observation that both p110a and
p110B protein levels are decreased in tissues from p85a '~
mice (13). In light of the previous observation that p1108~/~
embryos die before E3.5, we were initially surprised that
p85a/" p55a/" p50a/" p85B/ embryos survive until
E12.5. Consistent with the importance of regulatory subunits
for stability of p110 subunits, we found that p110« levels and
total PI3K activity are decreased dramatically in the p85a™/~
p55a~/" p50a~’~ p85B~/~ MEFs and that the level of p110a
is restored when p85 isoforms are added back. However, there
was a significant amount of pl110a protein and class Ia PI3K
activity remaining in the p85a~'~ p55a~/~ p50a™'~ p85p '~
MEFs, and this could be explained by the up-regulation of
p55vy that we observe in these MEFs compared to control
MEFs. An up-regulation of pS5y during development of the
p85a/" p55a~/" p50a~’” p85B /" embryos might provide
sufficient stability of p110p to avoid early lethality, and this
would also explain why the p85a™'~ p55a~/~ p50a~'~
p858~/~ MEFs have elevated levels of p55y. Unfortunately
available antibodies against pS5y and p110 are not sufficiently
sensitive to detect these proteins in either wild-type or
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p85a/" p55a~’” p50a/" p85p~/~ E12 embryos by in situ
hybridization.

MEFs derived from mutant p85a~/~ p55a~/~ p50a~/~
p85B '~ embryos proliferated in culture for no more than five
passages before they adopted a typical senescent morphology.
This finding is in agreement with reports that PI3K inhibitors
can induce a senescence-like phenotype in wild-type MEFs
that is associated with up-regulation of p27 (Kipl) (10). By
retroviral introduction of the SV40 large T antigen, we could
rescue the mutant MEFs and establish immortalized, stable
cell lines. As indicated above, the SV40-immortalized p85a ™/~
p55a~'~ p50a~’" p85B~/~ MEFs have elevated p55y com-
pared to SV40-immortalized control MEFs. Whether the ele-
vation of p55+y preexisted in the MEFs from these embryos or
was selected for during immortalization is not clear, but it is
likely that this increase is important for the growth and survival
of the MEFs. Interestingly, there is recent evidence that pS5y
can interact with the retinoblastoma tumor suppressor protein
(Rb) via an N-terminal sequence common to the p55y and
p55a proteins but absent in other isoforms (47). Rb is a cellular
target of the SV40 large T antigen and a crucial regulator of
the G,/S transition in mammalian cells (for review, see refer-
ence 15).

In vitro kinase assays on antiphosphotyrosine immunopre-
cipitates after PDGF stimulation, along with in vivo ?P; label-
ing, showed substantially reduced, albeit still detectable PI3K
activity in the mutant cell pools in comparison to control cell
pools in vitro and in vivo. This activity could be completely
inhibited by treating cells with wortmannin. Though equally
sensitive to wortmannin as class Ia PI3K, class IT PI3K C28 can
utilize PI and PI4P but not PI-4,5-P, (1). Therefore we con-
clude, that in the mutant cell pools the PDGF-BB-induced
PIP; production is most likely attributed to p55vy/p110,
whereas the PDGF-BB-induced PI-3,4-P, generation might be
attributed to p55y/p110 as well as class IT PI3K C2p.

Short-term and long-term stimulation with subsaturating as
well as saturating doses of PDGF-BB both resulted in dimin-
ished Akt phosphorylation in the p85a™/~ p55a~/~ p50a™/~
p85B~/~ MEFs compared to that in control MEFs. Reintro-
duction of p85a, p85B, or p50a restored this defect (data not
shown). It was surprising, however, that despite the substantial
loss of PI3K isoforms, the reduction in Akt phosphorylation
was relatively mild when saturating doses of PDGF were
added. This might be explained by the amplification of signal at
the level of PI3K due to the relative large amount of PI-
3,4,5-P; produced by each PI3K molecule.

In contrast to Akt, Erk phosphorylation is not PI3K depen-
dent at high doses of PDGF-BB. However, at lower doses of
PDGF-BB (such as 1 ng/ml), Erk phosphorylation is also di-
minished in mutant cells compared to that in control cells. This
finding is in agreement with previous results that the PI3K
dependency of Erk activation inversely correlates with the
strength of stimulus (11).

PDGF-BB-stimulated GTP loading of Rac is greatly dimin-
ished in p85a ™/~ p55a '~ p50a '~ p85B /" cells. Since Rac is
a crucial mediator of PDGF-induced membrane ruffling, it was
not surprising that the mutant cell pools showed impaired
PDGF-dependent ruffling. The p85a~/~ p55a~/~ p50a™/~
p858 '~ MEFs showed a total absence of actin ruffles upon
PDGF-BB treatment. These findings suggest that class Ia PI3K
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is a necessary mediator of PDGF-BB-induced membrane ruf-
fling. The p85a ™'~ p55a~/~ p50a '~ p85B '~ fibroblasts also
fail to ruffle upon IGF-1 stimulation. This finding is in agree-
ment with reports that IGF-1-induced ruffling is completely
blocked by wortmannin treatment or overexpression of domi-
nant-negative p85 (23). Facial abnormalities, such as those
seen in the p85a '~ p55a~/~ p50a~/~ p85B~/~ mice and
PDGFRa /™ mice, are often attributed to the failure of neural
crest cells to migrate from the somites to the facial regions.
Therefore, the defect in PDGF-dependent actin remodeling
seen in the p85a~/~ p55a~'~ p50a~'~ p85B~'~ MEFs could
explain a defect in cell migration. It is possible that the smaller
isoforms pS5a and pSO0a might be able to mediate PDGF-
induced actin rearrangements in vitro but cannot fulfill their
role in vivo since they might not be expressed in the crucial cell
types. Alternatively, PI3K is implicated in many cellular re-
sponses (cell proliferation, cell growth, and cell survival), and
it is likely that the SH3, proline-rich regions, and/or Rho-GAP
domain of p85 contributes to one or more of these events.

In order to test the hypothesis that impaired Rac activation
is the cause of the inability of the p85a ™'~ p55a™/'~ p50a™/~
p858 '~ cell pools to ruffle, Rac activation was driven by
overexpressing the Rac-specific GEF Vav2. Vav2 overexpres-
sion in the mutant cells rescued the ruffling defect even in the
presence of wortmannin. Vav2 overexpression in NIH 3T3
fibroblasts has been shown to result in Rac activation, as
judged by increased Rac-GTP levels and lamellipodium for-
mation (29). These data show that PI3K is not necessary for
Vav2-induced lamellipodium formation.

There is evidence that PI3K can function downstream of
Rac (18, 22, 32). The GTP-bound form of Rac can interact
with the Rho-GAP domain of p85 (5, 39, 49). Since the p85
Rho-GAP domain lacks GAP activity, this interaction might
play a role in recruitment of PI3K to regions of membranes
where Rac or Cdc42 is activated (5, 39, 49). By acting both
upstream and downstream of Rac, class Ia PI3K could be in a
positive feedback loop to concentrate Rac signaling (and actin
rearrangement) at specific locations in the cell membrane (43).
However, our results show clearly that the small p85« isoform
p50a is able to mediate PDGF- or IGF-1-induced membrane
ruffling. Therefore, the interaction between Rac-GTP or
Cdc42-GTP with the Rho-GAP domain of p85a/B is not es-
sential for PDGF- or IGF-1-induced membrane ruffling in
these cells under our experimental conditions.
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