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p850—/— mice (Figure 1C). In addition, the expression of catalytic
subunit p110a in p85a—/— compared with p85w+/+ platelets was
almost undetectable, while expression of p110B and pl10d sub-
nnits were greatly reduced in amount, consistent with the instability
of the p110 proteins in the absence of sufficient adaptor subunit
concentrations (Figure 1D).?7 Consistent with these observations,
remaining class 1A PI3K activity in p85a—/— platelets was only
5% of the activity in wild-type littermates (Figure 1E).

PI3K p85a-deficient mice displayed perturbation of platelet
aggregation response to collagen and CRP, but no
bleeding disorders

In comirast to Syk-, SLP-76—, or PLCy2-deficient mice, PI3K
p85a—/— mice were born intact, with no bleeding disorders.28-30
Bleeding times for PI3K p85a:—/— mice (178 £ 89 seconds,
n = 5) were not significantly prolonged compared with littermate
confrols (216 = 97 seconds, n = 5), and peripheral blood cell
counts were indistinguishable among wild-type, p85a+/—, and
p85c—/— mice (data not shown). These results suggest that p85o
deficiency does not canse profound defects in platelet production or
function in vivo. These observations prompted us to examine the
effect of PI3K p85a deficiency on platelet function in vitro.

Since many studies have suggested that the involvement of
PI3K in signaling cascades in platelets is stimulated by various
types of agonists, we investigated the platelet aggregation response
in knockout mice. As shown in Figure 2, p85a deficiency led to an
approximate 40% to 60% reduction of platelet aggregation in
response to suboptimal or optimal cencentrations of collagen (10
and 20 pg/mL, respectively) or the GP VI-specific agonist CRP
(2.5 and 5 pg/mL). In particular, responses to lower dose stimuli,
such as 5 pg/mL collagen or 1 pg/mL CRP, which induced 60% to
80% aggregation in wild-type platelets, were completely abrogated
in p85a—/— mice. In contrast, responses to ADP, the thromboxane
A, analog U46619, thrombin, PMA, A23187, or botrocetin were all
intact in p85a—/— mice compared with littermate controls, even at
subthreshold concentrations. The same responses to collagen and
CRP were observed in both p85a+/— mice and wild-type litter-
mates (data not shown). These results are consistent with previous
in vitro observations in humans that class IA PI3K plays an
important role in collagen-induced platelet signaling through GP
V1 engagement.!>!3

PI3K p85a deficiency led to impaired P-selectin expression or
fibrinogen binding in response to CRP

Next we analyzed the impact of p85a deficiency on platelet
signaling events induced by GP VI activation. We first investigated
whether p85w deficiency affects P-selectin expression or fibrinogen
binding in response to CRP stimulation. As shown in Figure 3,
panels A and B, 5 pg/mL CRP induced an approximately 10-fold
increase in P-selectin expression in wild-type platelets, while
expression in p85a—/~ platelets was approximately 50% of the
wild-type level. The impaired P-selectin expression in p85a—/—
platelets was observed at CRP concentrations ranging from 0.01 to
5 wg/ml. Similarly, CRP-induced fibrinogen binding to p85a.—/—
platelets was significantly impaired (Figure 3C-D).

PI3K p85a-deficient platelets displayed impaired spreading
over collagen- or CRP-coated surfaces

In order to further elucidate the role of p85a in collagen-induced
platelet signaling, the adhesive response of platelets from knockout
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Figure 2. Platelet aggregation responses to various kinds of agonists, PRPs
(3 x 105/pL) were incubated at 37°C for 10 minutes prior to stimulation. Changes to
motphology and aggregation of platelets from wild-type (WT, left column) and
p85a.~/— (right column) were measured using an aggregometer after stimulation with
collagen, CRP, ADP, U46619, thrombin, PMA, A23187, and botrocetin at the
indicated concentrations. Bars indicate 1 minute. Results are from 1 experiment but
are representative of at least 4 separate experiments.

mice was investigated. Platelets were placed on collagen- or
CRP-coated plates and allowed to adhere to the surface; then
morphology was analyzed under scanning electron microscopy. As
shown in Figure 4A, wild-type platelets adhered and spread over
collagen- or CRP-coated surfaces after 90 minutes of incubation. In
contrast, platelets from p85a—/— mice demonstrated reduced
spreading, although filopodial protrusions were relatively intact
(Figure 4A). Compared with the collagen-coated plates, poor
lamellae formation in p85a—/— platelets was pronounced on the
CRP-coated plates, consistent with the relative specificity of this
isozyme to GP VI pathways among the multiple signaling cascades
stimulated by collagen. Indeed, compared with wild-type platelets,
filopodia on adhered platelets from p85a—/— mice had increased
numbers and length (Figure 4B). These data suggest that p85a
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Figure 3. Surface expression of P-selectin on platelets and fibrinogen binding
to platelets induced by GP VI stimulation. (A-B) P-selectin expression was
detected using FITC-conjugated antimouse P-selectin antibody (A} and analyzed by
flow cytometry (B). (C-D) Fibrinogen binding was detected using activated integrin
B3 and binding of Alexa Fiuor 488-conjugated human fibrinogen (C) and analyzed
by flow cytometry (D). Washed wild-type (WT) and p85a.~/— platelets suspended in
modified Tyrode-HEPES buffer containing apyrase and RGDS peptide with 1 mM
CaCl; (A-B) or modified Tyrode-HEPES buffer containing apyrase with 1 mM CaCly
(C-D) were stimulated by CRP. Data are from 1 experiment but are representative of 3
independent experiments. In panels B and D, @ indicates WT platelets and 4
indicates p85a—/— platelets.

plays an essential role in platelet lamellipodia formation during
adhesive responses triggered by GP VI engagement.

Collagen and CRP induce a reduction in tyrosine
phosphorylation of PLCy2 and several other downstream
molecules in PI3K p85a-deficient platelets

Collagen and CRP induced tyrosine phosphorylation of various
signaling molecules, including Syk, LAT, SLP-76, Btk, Tec,
Akt/protein kinase B (PKB), and PLCy2 in platelets.!!-'32834 To

Figure 4. Morphologic examination of platelets adher-
ing to collagen- or CRP-coated surfaces, (A) Washed
platelets suspended in modified Tyrode-HEPES buffer
containing apyrase and 2 mM MgCl; were exposed to
surfaces coated with collagen (top row) or CRP (bottom
row). Scanning electron images show wild-type (WT,
left panels) and 85a~/— (right panels) platelets after
90 minutes of incubation. Scale bar indicates 1 pm.
(B) Frequency analysis of the length of remnant filopodia
from wild-type (dotted columns) and p85a—/— (solid
columns) platelets (n = 50) adhering to CRP-coated
surface after 60 minutes. Analysis was performed using
NIH image software.
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investigate the wnderlying molecular mechanisms of impaired
platelet fimction mediated by the GP VI/FcRy complex in PI3K
p8Sa—deficient mice, we analyzed tyrosine phosphorylation of
these signaling molecules in response to collagen and CRP. Key
molecules, Syk, LAT, and SLP-76, initially recruited and activated
in the vicinity of the GP VI/FcR+y complex, were equally phosphor-
ylated by CRP in both wild-type and p85a—/— platelets (Figure
5A-C). In conirast, phosphorylation of Btk, Tec, or Akt in
downstream PH domain-—containing effectors for PI3K in response
to CRP was partially abrogated in p85a—/— mice (Figure 5D-F).
Similar results were also obtained using collagen as the GP VI
stinnilator (data not shown). Tt is well known that PLCy2 is one of
the critical targets of collagen- and CRP-induced signaling in
platelets. As shown in Figure 5G, phosphorylation of PLCy2 was
also clearly decreased in p85a—/— platelets.

These results suggest that the impaired response to collagen and
CRP seen in p85a-deficient platelets is, at least partially, based on
reduced phosphorylation and/or activation of PLCry2.

Discussion

This report provides the first direct evidence of the effect of PI3K
P85« deficiency on platelet function in vivo, demonstrating that
class IA PI3K functions exclusively as a major element in the GP
VI/FcRy complex—mediated signaling cascade in mice. In contrast,
the fact that this enzyme subclass did not exert any significant
effect on other relevant platelet signaling pathways, such as those
wiggered by thrombin, ADP, U46619, and botrocetin, was rather
unexpected.

GP VI ligation by collagen or CRP initiates intracellular signals
through phosphorylated ITAMs on the FcRyy chain, leading to
activation of serially connected downstreamn molecules in a phos-
photyrosine-dependent manner.'> At the end of this signaling
cascade, the fully activated PLCy2 is assembled at or in the vicinity
of membrane rafts with signaling complexes such as tyrosine
kinases Lyn/Fyn, Syk, Btk/Tec, and adaptors of LAT and SLP-
76.3537 Evidence of the participation of class IA PI3K in this
particular signaling cascade is that in the absence of PI3K p85a,
platelets become defective in the following GP VI-induced signal-
ing events: platelet aggregation, degramulation of o granules,
integrin activation, lamellipodia formation, and tyrosine phosphor-
ylation of putative effector molecules. Consistent with this conclu-
sion, Btk mutations in humans®?3? and Syk, LAT, SLP-76, and

Number of filopodia

L4

"oy, “n 2
Y ‘s w
Length of filopedia (pm)



546  WATANABE et al

D

o Btk
E

aTer .
3

a Akt
G

GPLOR

CRP 0 1 5 6 1 5
(ng/ml)

Figure 5. Protsin phosphorylation In GP Vi-stimulated wild-type and PI3K
pB85a~/— platelets. Murine pl ts were treated using 0.2 mM acetyisalicylic acid
and suspended in modified Tyrode-HEPES buffer containing 0.4 U/mL apyrase,
1 mM RGDS peptide, and 1 mM EGTA. The platelets were stimulated with CRP at 0,
1, and 5 p.g/mL on an aggregometer with constant stirring and were lysed 80 seconds
after stimulation. Then they were subjected to immunoprecipitation using anti-
Syk (A), anti-LAT (B), anti-SLP-76 (C). anti-Btk (D). anti-Tec (E), anti-Akt (F), and
anti-PLCy2 (G) antibodies. Proteins were resolved using SDS-PAGE, transferred to
nitroceliulose membrane, immunoblotied with antiphosphotyrosine (P-Tyr) antibody
4G10 or anti-phospho-Akt-specific antibody, and reprobed with the antibodies used
for immunoprecipitation to demonstrate equal amounts of immunoprecipitated
proteins in each lane. identical results were obtained in at least 4 separate
experiments.

PLCy2 nmtations in mice?®3! all produce platelet phenotypes
similar to those seen in p85a-deficient mice.

The finding that GP VI-induced tyrosine phosphorylation of
Syk, LAT, and SLP-76 is not defective in p85a-deficient platelets
might indicate that these molecules are active upstream or are
independent of the PI3K-pathway. In fact, the p85 subunit of class
1A PI3K has been shown to associate with tyrosine-phosphorylated
LAT and tyrosine-phosphorylated ITAM of the FcRry chain through
each of the tandem SH2 domains following GP V1 stimulation.!?
This association then triggers PI3K-pathway activation, resulting
in the liberation of D3 phosphoinositides. LAT is tyrosine-
phosphorylated by Syk following binding of the kinase to the
phosphorylated ITAM of the FcRy chain. LAT then forms a
complex with SLP-76 via the adaptor protein Gads, becoming a
scaffold for PLCy2 recruitment.!>3 The PI3K lipid products target
the Btk PH domain and the PLCy2 SH2 or PH domains to induce
subcellular localization.!33% Therefore, 2 independent pathways
exist—one mediated by membrane protein LAT and the other by
PI3K membrane lipid products—for the full activation of PLCy2 at
specific membrane microdomains. Keeping this model in mind, the
finding that the loss of the p85a protein does not exert a profound
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effect on platelet function is not particularly surprising. Although
PLCy2 activity in p85a-deficient platelets was not measured in this
study, we identified partial but substantial reduction in GP VI-
induced tyrosine phosphorylation of PLCy2 in p85a-deficient
platelets, which may be due to the incomplete defect in platelet
cellular responses following GP VI stimulation. Other groups have
reported that treatment with pharmacologic PI3K inhibitors strongly
suppresses GP VI-induced PLCy2 activation but has a minimal
effect on tyrosine phosphorylation in human platelets.!’'" This
discrepancy might be attributed to species differences or the
methods of inducing PI3K disruption. The lipid kinase activity of
class IA PI3K is almost completely deleted in p85w-deficient
platelets. Only trace amounts of activity may be atiributed to the
very low levels of the other kinase isoforms associated with the
p85a splice variauts p55 and p50, p858, or p55y. Nevertheless,
complete loss of p85w activity does not result in the severe platelet
phenotype seen in response to GP VI stinwlation, supporting the
hypothesis that full activation of PLCy2 may involve a PI3K-
independent pathway, possibly via the scaffold complex formed by
LAT, Gads, and SLP-76.13-3 However, this concept is challenged
by the finding that the extent and spectrum of immune deficiency
resulting from the loss of p85a in mice B lymphocytes closely
approximates those seen in PLCy2-deficient mice.?53040 In addi-
tion, mice with the Btk deficiency Xid (a naturally occurring point
mutation in the PH domain of the kinase) are nuable to bind PI3K
products PtdIns-3,4,5-P3 or SLP-65/BLNK (an adaptor connecting
Btk and PLCy2 and thought to be a counterpart of the LAT/SLP-76
adaptor complex in T lymphocytes) and also display remarkably
similar immune phenotypes. This indicates that p85« and PLCy2
are serially comnected through Btk and SLP-65/BLNK.#-43 Al-
though this discrepancy may simply be due to differences in cell
type, careful comparisons of the platelet phenotypes of p8S5o-
deficient mice and PLCy2-deficient mice of identical genetic
backgrounds are required to address the issue.

Partial reduction of GP VI-induced tyrosine phosphorylation of
Btk and Tec in p85a-deficient platelets supports the previously
proposed hiypothesis that 2 PH domains containing tyrosine kinases
are located proximally to class IA PI3K and function as redundant
PI3K effectors in human platelets.>* B lymphocytes from Tec-
deficient mice exhibit no apparent immmme phenotype, but the
double deficiency of Btk and Tec results in a more severe disorder
than the Btk deficiency alone.** Whether this is also true for murine
platelets is yet to be determined. Since the immune phenotype of
Xid mice (with normal levels of protein expression) is comparable
to that of Bik-deficient animals, Btk activation should be virtnally
PI3K-dependent.*s Despite nearly total loss of PI3K activity and
expression in p85a-deficient platelets, minimal tyrosine phosphor-
ylation of both kinases remains inducible by GP VI stimulation.
This implies the existence of an alternate pathway for Btk/Tec
activation that is independent of PI3K.4647

The defective spreading of p85a-deficient platelets over colla-
gen- or CRP-coated surfaces is most likely caused by the loss of
PI3K products. Lamellipodia formation in adherent cells is medi-
ated by Rac-1, a member of the Rho family of small guanosine
triphosphatases (GTPases). This protein is regulated by a PH
domain—containing GEF Vav family. %% In fact, Vav-1, a member
of this family, is present in high quantities in platelets.*® In contrast,
filopodial protrusion is mediated through the RhoA small GTPase
with the help of cdc42 GEF, which is regulated in a PI3K-
independent manner.* The observation that p8S5a-deficient plate-
lets show defective lamellipodia formation while retaining intact
filopodial protrusions is therefore unsurprising. In agreement with
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these observations, treatment of human platelets with wortmannin
and 1Y294002 followed by contact with a collagen- or CRP-coated
surface reportedly results in similar phenotypic changes to platelet
morphology.!”

In p85a-deficient mice, the apparent lack of alteration in
platelet aggregation response to other important platelet stimulators
(thrombin, ADP, U46619, PMA, A23187, and botrocetin) was
unexpected, since class IA PI3K involvement has been proposed to
activate oyPs integrin (inside-out signaling) or assist in the
postaggregation response through integrin engagement (outside-in
signaling)**® in the final common pathways. For example, throm-
bin- or PMA-induced accumulation of PtdIns-3,4-P2 or PtdIns-
3,4,5-P3 and the concomitant up-regulation of oupf; integrin
receptor function in human platelets are effectively inhibited by
low nanomolar ranges of wortmannin, indicating that class IA PI3K
is downstream of protein kinase C in the induction of integrin
activation.*31-32 Following thrombin stimulation, the p8So subunit
is reportedly translocated into the focal contact area of human
platelets by association with the SH3 domain and the proline-rich
region of the focal adhesion kinase p125FAK.!® However, these
observations disagree with our finding that p85a-deficient platelets
display intact aggregation responses to thrombin and PMA, even at
suboptimal concentrations. One possible explanation for the discrep-
ancy may be the existence of a class I PI3K, which is also sensitive
to wortmannin, downstream of aypf; integrin.®? Activation of
GPCRs triggered by weak agonists such as ADP and U46619
readily indnces PI3K activity in platelets.»'%% G protein By-
specific PI3Ky is the most plausible candidate for this particular
pathway, and class IA PI3K is also postulated to be activated
directly by G protein By subunits or tyrosine-phosphorylated
intermediates following GPCR engagement.®?! Indeed, a recent
study has shown that PI3K 110y—deficient platelets exhibit im-
paired response to ADP, and the defect is limited to the Gi-coupled
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ADP receptor (P2Y12).3 This finding, together with the observa-
tions of p85w-deficient platelets described herein, suggests that
other PI3K species with involvement in the signaling pathway
elicited by thrombin and U46619 or with redundant functions
may exist.

The snake venom-derived botrocetin induces binding of von
Willebrand factor via the receptor GP ID/IX/V complex and
mediates platelet-platelet interactions that may be accompanied by
activation of class 1A PI3K through either the cytoplasmic tail of
the complex or ITAM-containing FcR (FcRy in humans and mice
and FeyRIIA in humans) colocalized with the complex.}¢-5%6
However, we were unable to observe any perturbed aggregatory
response to botrocetin, even at suboptimal concentrations. The role
of p85a in the GP IWVIX/V pathway thus requires further study.

In conclusion, absence of PI3K p85a in mice leads to compro-
mised platelet responses to GP VI stimulation in vitro, but no
significant bleeding disorder. Although class IA PI3K is reportedly
involved in multiple signaling pathways or different stages of
cellular process in platelets, the p85w isoform functions exclusively
as a majotr component of the ITAM-mediated signaling pathway.
Platelets lack a nucleus but retain a similar set of intracellniar
machinery for immune receptor signaling. The cells therefore
represent appropriate targets for research to elucidate the mecha-
nisms of immediate immune responses.

Acknowledgments

‘We wish to thank Dr Owen Witte and Dr Yoshihiro Fujimura for
providing anti-Btk antibody and botrocetin, respectively. We would
also like to thank Mari Fujiwara for technical assistance in the
PI3K assay.

1.

Katso R, Okkenhaug K, Ahmadi K, White S,
Timms J, Waterfield MD. Cellular function of
phosphoinositide 3-kinases: implications for de-

erodimeric phosphoinositide 3-kinase consisting
of p85 and p110beta is synergistically activated
by the betagamma subunits of G proteins and

nase forms a complex with platelet membrane
glycoprotein tb-1X-V complex and 14-3-3zeta.
Blood. 2000;96:577-584.

velopment, homeostasis, and cancer. Annu Rev phosphotyrosyl peptide. J Biol Chem. 1997;272: 17. FaletH, Barkalow KL, Barnes MJ, Geha RS,
Cell Dev Biol. 2001;17:615-675. 24252-24256. Hartwig JH. Roles of SLP-76, phosphoainositide

2. Vanhaesebroeck B, Leevers SJ, Ahmadi K, et al. 10. Thomason PA, James SR, Casey PJ, Downes 3-kinase, and gelsolin in the platelet shape
Synthesis and function of 3-phosphorylated inosi- CP. A G-protein beta gamma-subunit-responsive changes initiated by the collagen receptor GPVI/
tal lipids. Annu Rev Biochem. 2001;70:535-602. phosphoinositide 3-kinase activity in human FcR gamma-chain complex. Blood. 2000;96:

3. Rameh LE, Cantley LC. The role of phosphoinosi- E])leaézlgt cytosol. J Biol Chem. 1994,269:16525- 3786-3792.
tide 3-kinase lipid products in cell function. J Biol : 18. Guinebault C, Payrastre B, Racaud-Sultan C,
Chem. 1999:274:8347-8350. 11. Pasquet JM, Bobe R, Gross B, et al. A collagen- Breton M, Mauco G, Chap H. Integrin-dependent

. . e . related peptide regulates phospholipase translocation of phospholinositide 3-kinase to the

4 \Ta‘gi:h:r:‘: ;‘:tz;?ﬁsst:‘g;n%ﬁgf; :ié(ér;agg.ac’u Cgammaz2 via phosphatidylinositol 3-kinase in cytoskeleton of thrombin-activated platelets in-

4401-4414 : ’ T human platelets. Biochem J. 1999;342:171-177. volves specific interactions of p85 alpha with ac-
. ) ) 12. Gibbins JM, Briddon S, Shutes A, et al. The p85 tin filaments and focal adhesion kinase, J Cell

5. Zhang J, Shattil SJ, Cunningham MC, Ritten- subunit of phosphatidylinositol 3-kinase associ- Biol. 1995:1209:831-842.
house SE. Phospholnositide 3-kinase gamma ates with the Fc receptor gamma-chain and finker 19, Kauffensteln G, Bergmeler W, Eckly A, et al, The
and p85/phosphoinasitide 3-kinase in platelets. for activitor of T cefls (LAT) in platelets stimulated P2Y(12) receptor induces platelet aggregation
Relative activation by thrombin receptor of beta- by collagen and convulxin. J Biol Chem. 1998; through weak activation of the alpha(llb)beta(3)
phor'bol myristate acetate and roles in promoting 273:34437-34443. integrin—a phosphoinositide 3-kinase-dependent
the ligand-binding function of alphalibbeta3 inte- , . iy
grin, J Blo! Chem. 1996;271:6265-6272, 13. Watson SP, Asazuma N, Atkinson B, et al. The mechanism. FEBS Lett. 2001,505:281-290.

role of ITAM- and ITIM-coupled receptors inplate- 20, Lauener RW, Stevens CM, Sayed MR, Salari H,

6. Zhang J, Vanhaesebroack B. Human platelets let activation by collagen. Thromb Haemast. Duronio V. A role for phosphatidylinositol 3-kinase
contain p110delta phospholnositide 3-kinase. 2001;86:276-288. in platelet aggregation in response to low, but not
Slochem Biophys Res Commun. 2002208:478- ) * (s atacap MP, Herault JP. Viala C, et al. Fogam- high, concentrations of PAF or thrombin. Biochim

: maRIIA requires a Gi-dependent pathway for an Biophys Acta. 1999,1452:197-208.

7. Fruman DA, Cantley LC, Carpenter CL. Structural efficient stimulation of phosphoinositide 3-kinase, 21, Ptasznik A, Traynor-Kaplan A, Bokoch GM. G
organization and alternative splicing of the murine calcium mobilization, and platelet aggregation. protein—conlpled chemoattractant receptors. regu-
phesphoinositide 3-kinase p85 alpha gene. Blood. 2000;96:3439-3446. late Lyn tyrosine kinase Shc adapter protein sig-
Genomics. 1996;37:113-421. 15. SaciA, Pain S, Rendu F, Bachelot-Loza C. Fo naling complexes. J Biol Chem. 1995;270:19969-

8. Chan TO, Rodeck U, Chan AM, et al. Small receptor-mediated platelet activation is depen- 18973.

GTPases and tyrosine kinases caregulate a mo- dent on phosphatidylinositol 3-kinase activation 25 jung SM, Morai M. Platelets interact with soluble
fecutar switch in the phosphoinositide 3-kinase and invalves p120(Cbl). J Biol Chem. 1999;274: and insoluble collagens through characteristically
regulatory subunit. Cancer Cell. 2002:1:181-191. 1898-1904. different reactions. J Blol Chem. 1998;273:14827-

9. Kurosu H, Maehama T, Okada T, et al. Het- 16. Munday AD, Mitchell CA. Phosphoinositide 3-Ki- 14837.



548

23.

24,

25.

26.

27,

28.

29,

30.

31.

32.

33.

34.

WATANABE et al

Inukai K, Funaki M, Ogihara T, et al. p85 gene
generates three isoforms of regulatory subunit for
phosphatidylinositol 3-kinase (PI3-Kinase), p50c,
p55c, and p85a, with different PI3-Kinase activity
elevating responses to insulin. J Biol Chem.
1997,272:7873-7882.

Terauchi Y, Tsuji ¥, Satoh S, et al. Increased insu-
lin sensitivity and hypoglycaemia in mice lacking
the p85 alpha subunit of phosphoinositide 3-ki-
nase. Nat Genet. 1999;21:230-235.

Suzuki H, Terauch! Y, Fujiwara M, et al. Xid-like
immunadeficiency in mice with disruption of the
p85alpha subunit of phospholnositide 3-kinase.
Science. 1999;283:390-392.

Offermanns S, Toombs CF, Hu Y, Simon MI. De-
fective platelet activation in Gag-deficient mice.
Nature. 1997,389:183-186.

Fruman DA, Mauvais-Jarvis F, Pollard DA, et al.
Hypoglycaemia, liver necrosis and perinatal
death in mice lacking all isaforms of phosphoino-
sitide 3-kinase p85e. Nat Genet. 2000,26:379-
382.

Poole A, Gibbins JM, Turner M, etal. The Fe re-
ceptor gamma-chain and the tyrosine kinase Syk
are essential for activation of mouse platelets by
collagen. EMBO J. 1997;16:2333-2341.
Clements JL, Lee JR, Gross B, et al. Fetal hem-
orrhage and platelet dysfunction in SLP-76-defi-
cient mice. J Clin Invest. 1999;103:19-25.

Wang D, Feng J, Wen R, et al. Phospholipase
Cgamma2 is essential in the functions of B cell
and several Fc receptors. Immunity. 2000;13:25-
35.

Pasquet JM, Gross B, Quek L, et al. LAT s re-
quired for tyrosine phosphorytation of phospho-
lipase cgammaZ2 and platelet activation by the
collagen receptor GPVI. Mol Cell Biol. 1999;19:
8326-8334.

Quek LS, Bolen J, Watson SP. A role for Bruton's
tyrosine kinase (Btk) in platelet activation by col-
lagen. Curr Blol. 1998;8:1137-1140.

OdaA, lkeda Y, Ochs HD, et al. Rapid tyrosine
phosphorylation and activation of Bruton's ty-
rosine/Tec kinases in platelets induced by colla-
gen binding ar CD32 cross-finking. Blood. 2000;
95:1663-1670.

Barry FA, Gibbins JM. Protein kinase B is regu-
lated in platelets by the collagen receptor glyco-
protein VI. J Biol Chem. 2002;277:12874-12878.

35.

36.

37.

38.

39.

40.

41,

42.

43,

44,

48,

48.

Locke D, Chen H, Liu Y, Liu C, Kahn ML. Lipid
rafts orchestrate signaling by the platelet receptor
glycoprotein VI. J Biol Chem. 2002;277:18801-
18809.

EzumiY, Kodama K, Uchiyama T, Takayama H.
Constitutive and functional association of the
platelet collagen receptor glycoprotein VI-Fc re-
ceptor gamma-chain complex with membrane
rafts. Blood. 2002;99:3250-3255.

Badin 8, Giuriato 8, Ragab J, et al. Production of
phosphatidylinositol 3,4,5-trisphosphate and
phosphatidic acld in platelet rafts: evidence for a
critical role of cholesterol- enriched domains in
human platelet activation. Biochemistry. 2001:40:
15280-15299.

Bobe R, Wilde Ji, Maschberger P, et al. Phospha-
tidylinositol 3-kinase-dependent translocation of
phospholipase Cgamma?2 in mouse megakaryo-
cytes is independent of Bruton tyrosine kinase
translocation. Blood. 2001;97:678-684.

Judd BA, Myung PS, Obergfel A, et al. Differen-
tial requirement for LAT and SLP-76 in GPVI ver-
sus T cell receptor signaling. J Exp Med. 2002;
185:705-717.

Fruman DA, Snapper SB, Yballe CM, et al. Im-
palred B cell development and proliferation in ab-
sence of phosphoinositide 3-kinase p85alpha.
Sclence, 1999;283:393-397.

Fruman DA, Cantley L.C. Phosphoinositide 3-ki-
nase in immunological systems. Semin Immunol.
2002;14:7-18.

Leo A, Schraven B. Adapters in lymphocyte sig-
nalling. Curr Opin Immunol. 2001;13:307-316.
Wong J, Ishiai M, Kurosaki T, Chan AC. Fune-
tional complementation of BLNK by SLP-76 and
LAT linker proteins. J Biol Chem. 2000:275:
33116-33122.

Eftmeier W, Jung S, Sunshine MJ, et al. Severe B
cell deficiency in mice lacking the tec kinase fam-
ily members Tec and Btk. J Exp Med. 2000,192:
1611-1624.

Satterthwaite AB, Witte ON. The role of Bruton’s
fyrosine kinase in B-cell development and func-
tion: a genetic perspective. Immunol Rev. 2000;
175:120-127.

Fruman DA, Ferl GZ, An 8S, Donahue AC, Sat-
terthwaite AB, Witte ON. Phosphoinosttide 3-ki-
nase and Bruton’s tyrosine kinase regulate over-

47.

48,

49,

50.

51.

52.

53.

54,

85.

56.

BLOOD, 15 JULY 2003 « VOLUME 102, NUMBER 2

lapping sets of genes in B lymphocytes. Proc Natl
Acad Sci U S A, 2002;99:359-364.

Satterthwaite AB, Willis F, Kanchanastit P, et al. A
sensitized genetic system for the analysis of mu-
rine B lymphocyte signal transduction pathways
dependent on Bruton's tyrosine kinase. Proc Natt
Acad Sci U S A, 2000;97:6687-6692.

Nobes CD, Hall A. Rho, rac, and edc42 GTPases
regulate the assembly of multimolecutar focal
complexes assoclated with actin stress fibers,
lameliipodia, and filopodia. Cell. 1995,81:53-62.

Saulet C, Gendreau S, Missy K, Benard V, Plan-
tavid M, Payrastre B. Characterisation of Rac ac-
tivation in thrombin- and collagen-stimulated hu-
man blood platelets. FEBS Lett. 2001,507:253-
258.

Miyakawa Y, Oda A, Druker BJ, et al. Thrombo-
poletin and thrombin induce tyrosine phosphory-
lation of Vav in human blood platelets. Blood.
1997,89:2789-2798.

Kavacsovics TJ, Bachelot C, Toker A, et al. Phos-
phoinositide 3-kinase inhibition spares actin as-
sembly in activating platelets but reverses platelet
aggregation. J Biol Chem, 1995,270:11358-
11366.

Toker A, Bachelot C, Chen CS, et al. Phosphory-
lation of the platelet p47 phosphoprotein is medi-
ated by the lipid products of phosphoinositide
3-kinase. J Biol Chem, 1995;270:29525-29531.

Zhang J, Banfic H, Straforini F, Tosl L, Volinia S,
Rittenhouse SE. Atype Il phosphoinositide 3-ki-
nase is stimulated via activated integrin in plate-
lets. A source of phosphatidylinositol 3-phos-
phate. J Biol Chem. 1998;273:14081-14084.

Hirsch E, Bosco O, Laffargue M, Altruda F, Mon-
trucchio G. Resistance to thromboembolism in
PI3Kgamma-deficient mice. FASEB J. 2001;15:
2019-2021.

Sullam PM, Hyun WC, Szollosi J, Dong J, Foss
WM, Lopez JA. Physical proximity and functional
interplay of the glycoprotein th-IX-V complex and
the Fc receptor FegammaRIiA an the platelet
plasma membrane, J Biol Chem. 1998;273:5331-
5336.

Wu Y, Suzuki-tnoue K, Satoh K, et al. Role of Fe
receptor gamma-chain in platelet glycoprotein
Ib-mediated signaling. Blood. 2001;87:3836-
3845,



© 2003 Nature Publishing Group http://www.nature.com/natureimmunology

Harumi Suzuki'*f, Satoshi Matsuda'?*, Yasuo Terauchi??, Mari Fujiwara';i,:l'oshiaki Ohteki'¥,
Tomoichiro Asano?, Timothy W. Behrens?, Taku Kouro?®, Kiyoshi Takatsu®, Takashi Kadowaki*?

and Shigeo Koyasu'?
Published online 3 February 2003; doi:10.1038/ni890

Phosphoinositide-3 kinase (PI3K) is thought to activate the tyrosine kinase Btk. However, through
analysis of PI3K~-and Btk’-mice, B cell antigen receptor (BCR)-induced activation of Btk in mouse B
cells was found to be unaffected by PI3K inhibitors or by a lack of PI3K. Consistent with this
observation, PI3K~- Btk double-deficient mice had more severe defects than either single-mutant
mouse. NF-kB activation along with Bcl-x. and cyclin D2 induction were severely blocked in both
PI3K-- and Btlc"- single-deficient B cells. Transgenic expression of Bcl-x, restored the development
and BCR-induced proliferation of B cells in PI3K"- mice. Our results indicate that PI3K and Btk have
unique roles in proximal BCR signaling and that they have a common target further downstream in

the activation of NF-«B.

Phosphoinositide-3 kinase (P13K) is a key enzyme producing phospho-
lipid second messengers and has an important role in various signal
transduction pathways'?. PI3K family members are classified into three
groups according to their structire and substrate specificity’. Among
them, class I, heterodimeric P13Ks consisting of a catalytic subunit
(p1100, p1 10, p1108) and a regulatory subunit (p85ct, p85p, p55y) are
involved in receptor-iiediated signaling in the immune system. To pre-

&%y, cisely examine the functions of class I, PI3Ks, we and others generat-

ed PI3K~ mice deficient for the gene encoding p85¢, the most abun-
dantly and ubiquitously expressed regulatory subunit of class Ia
PI3Ks*S. Due to alternative splicing, p55o and p30ct, in addition to
p85a, are produced from the same gene®’. Mice lacking only p85a
(used here as P13K-" mice) are viable®4, whereas mice lacking all alter-
natively spliced products are unable to survive after birth®. In the
absence of PI3K, B cell development from pro-B cells to pre-B cells in
the bone marrow is impaired and the number of mature B cells in the
periphery is decreased®’. In addition, mature B cell functions such as
mitogen-induced proliferation ir vitro are severely impaired®.
Crosslinking of the surface B cell antigen receptor (BCR) evokes
sequential activation of a variety of protein and lipid kinases including
Src family kinases (Lyn, Fyn, B1k), Syk, Btk, Akt (also known as PKB)
and PI3K*#"2. Although activation of P13K is observed npon BCR stim-
ulation, signaling events upstream and downstream of PI3K are not
well characterized. In B cells, Lyn, ¢c-Cbl, CD19 and BCAP bind the

p850. subunit of PI3K, suggesting that these molecules are upstream
activators of PI3K. On the other hand, varions proteins containing
pleckstrin homology (PH) domains, such as Akt, phosphoinositide-
dependent kinase 1 (PDK1) and Btk, are thought to function down-
stream of PI3K, because of the ability of their PH domains to bind
phosphatidylinositol-(3,4)-bisphosphate (P1P,) or phosphatidylinositol-
(3,4,5)-trisphosphate (P1P,), products of PI3K!34.

Btk, a Tec family kinase, is activated by tyrosine phosphorylation and
has a critical role in BCR signaling™'*'*, Btk~- mice, as well as mice
with the Xid mutation (a natural mutation in the PH domain of Btk in
which an arginine residue critical for the binding to PIP; is replaced by
cysteine), show deficiencies in the development and activation of B
cells. In humans, deficiency of Btk leads to X-linked Bruton’s type
agammaglobulinemia (XLA)™15 Stimulation-dependent membrane
localization of a Btk-PH domain-GFP chimeric protein in transient
transfection systems has been demonstrated and such membrane recruit-
ment is blocked by wortmannin, a PI3K inhibitor'>®. Overexpression of
the p110 PI3K catalytic subunit in a B cell line results in Btk tyrosine
phosphorylation®. 1t has been proposed from these observations that
PI3K is responsible for the activation of Btk by bringing Btk to the plas-
ma membrane throngh interactions between the PH domain of Btk and
PIP,**, leading to tyrosine phosphorylation of Btk by other protein
tyrosine kinases such as Syk. It was thus not surprising that PI3K~- mice
show a phenotype similar to that of Btk™" or Xid mice**.
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BCR stimulation also activates the serine-threonine kinase Akt**
Akt has crucial roles in anti-apoptotic signal transduction as well as cell
cycle progression®™ . Activation of Akt prevents apoptosis in many cell
types and its anti-apoptotic effect is blocked by wortmannin. One prod-
uct of PI3K, PIP,, is reported to associate with the PH domain of Akt
to recruit the enzyme to the plasma membrane. Similarly, another P13K.
product, PIP,, recruits PDK 1, which phosphorylates Akt to activate its
kinase activity. Akt is the major downstream target of PI3K in many
signal transduction pathways*-%.

Here, we further investigated the role of PI3K in B cell signal
transduction pathways and the functional relationship between
PI3K and Btk, using PI3K~- and Btk mice. Contrary to our expec-
tations, BCR-induced activation of Btk was unaffected by the lack

Results

PI3K-dependent activation of Akt upon BCR stimulation
B cells from PI3K-- mice used in this study expressed low amounts
of p50a*. Expression of p85P and p55y regulatory subunits was very
low or undetectable in PI3K* and wild-type (WT) B cells (Fig. 1a).
Expression of p1108, the most abundantly expressed catalytic sub-
unit in B cells, was reduced in the absence of these regulatory sub-
units (Fig. 1a). BCR-dependent activation of P13K in the absence of
p85c was examined by in vitro kinase assay, using phosphatidyl-
inositol as a substrate to detect generation of phosphatidylinositol-3-
phosphate (Fig. 1b). Total P13K activity in tyrosine phosphorylated
proteins was increased by BCR stimulation in WT and Btk”- mice. In
contrast, only a small amount of PI3K activity was observed upon

BCR stimulation in PI3K~ B cells (Fig. 1b; ~5% of WT activity), as
previously reported®. The p50c regulatory subunit and possibly
another class of PI3K likely contribute to this residual increase of
PI3K activity in PI3K+ B cells. On the contrary, activation of PI3K
was unaffected in Btk B cells.

Because Akt is widely accepted as a downstream target of PI3K in
B cell signal transduction®?%, we investigated BCR-mediated Akt
activation by immunoblotting with specific monoclonal antibodies
(mAbs) that detect phosphorylation at residues Thr®™ and Ser*™ of Akt,
which is known to correlate with its kinase activity®™**. Phosphoryla-
tion of Akt on the Thr** and Ser*” residues was increased upon BCR
stimulation after 5 min in WT B cells, whereas phosphorylation of Akt

of PI3K or by PI3K inhibitors. On the other hand, BCR-induced
activation of Akt was normal in Btk B cells, but was severely
impaired in PI3K- B cells. Furthermore, PI3K~-Btk"- double-defi-
cient mice show more severe phenotypes than either single-deficient
mouse. These biochemical and genetic data show that P13K and Btk
function independently in BCR signal transduction pathways.
Among downstream events, activation of NF-xB and induction of
Bcl-x, and cyclin D2 were impaired in both PI3K-- and Btk sin-
gle-deficient B cells. Forced expression of Bel-x; restored develop-
ment and proliferative responses of B cells in PI3K~ mice. Our
results indicate that class I, PI3K and Btk have clearly distinct roles
in BCR signal transduction.
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Figure |.The Akt, but not the Btk, pathway is dependent on PI3K in B cells. (a) Expression of PI3K regulatory subunits in PI3K* (p850r*) and WT (p85c*) B
cells. Postnuclear lysates of B cells derived from the indicated mice were immunoprecipitated with anti-pB5™ and specific antisera for pB5[3 and p55y, then immunoblotted
with anti-p85™". Adipocytes and testis were used as positive conrols for p85f and p55y, respectively. Or, total cell lysates (TCL) prepared from PI3K™ (p850:"} and WT
(p85¢”%) B cells were immunoblotted with anti-p | 108. (b) PI3K activities in PI3K™, Btk and WT B cells. PI3K activities from BCR-stimulated B cells of the indicated geno-
types were assayed. (¢} PI3K-dependent activation of Akt. BCR-mediated activation of Akt in PI3K™- and Btk B cells was evaluated by immunoblotting with a specific anti-
bady detecting phosphorylation at Thr?® (p-Akt (T308}) and Ser*” (p-Akt (5473)) residues of Akt. Membranes were re-blotted with anti-Ake (Akt). Data are representative
of four independent experiments with similar results. (d) BCR-induced tyrosine phosphorylation of Btk in PI3K+ B cells. WT and PI3K* B cells on 2 BALB/c background
were stimulated with anti-lgM F(ab): (Anti-|1) in the presence or absence of 25 nM wortmannin (WN). Btlc was then immunoprecipitated by anti-Btk and immunoblotted
with 4G10 (p-Btk). Membranes were re-blotted with anti-Btk, 43-3B (Btl). (e) (Left) Effects of PI3K inhibitors on tyrosine phosphorylation of Btk WT B cells were stimu-
lated by BCR crosslinking (Anti-{t) in the absence or presence of 50 nM wortmannin (WN) or 25 M Ly294002 (Ly). Btk was then immunoprecipitated and immunoblotted
with 4G 10 (p-Btk). Membranes were re-blotted with 43-3B (Btk). At the same time, cell lysates were examined for Akt phosphorylation by anti-phospho-Akt(S473) (p-Ake).
Membranes were re-blotted with anti-Akt (Ake). (Right) Membrane fractions were prepared from WT and PI3K7- B cells unstimulated or stimulated by BCR crosslinking
(Anti-1) in the absence or presence of 25 UM Ly294002 (Ly), and examined for tyrosine phoshorylation (p-Btk). Membranes were re-blotted with ant-Lyn (Lyn). Data in (d)
and (e) are representative of three independent experiments with similar resules. (f,g) BCR-induced activation of Btk WT and PI3K™ B cells on a BALB/c background were
stimulated with or without 20 f1g/ml of anti-IgM F(ab)’, (Anti-jt) at 37 °C for 3 min in the presence or absence of 10 uM Ly294002 (Ly). (f) Btk was immunoprecipitated and
incubated with or without 100 UM ATP at 22 °C for 5 min followed by immunoblot analysis with 4G10. (g) Immunoprecipitates were incubated with acid-denatured eno-
fase as an exogenous substrate in the presence of 100 UM ATP at 22 °C for 5 min. Btk activities are presented as the fold increase in the level of tyrosine phosphoryfation
of enolase. Data in (f) and (g) are representative of two independent experiments with similar results.
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EMSA was carried out using »*P-labeled NF-kB probe. (d) Induction of Bel-x, and cyclin D2. Purified B cells of the indicated mice were stimulated with anti-lt for 16 h and evalu-
ated for the expression of Bcl-x, and cyclin D2 by immunoblotting using specific antibodies. Membrane was re-blotted with anti-Erk2 (Erlc2). (e) Apoptotic cell death in suspension
culture.WT, PI3K- and Btk B cells in the absence or presence of Ly294002 (+Ly) were incubated for 18 h and cell death was evaluated by DNA content analysis using propidi-
um iodide. Numbers indicate the proportion of cells in the sub-G1 fraction (%) in cell cycle analysis. Data are representative of three independent experiments with similar results.
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was severely blocked in the absence of PI3K (Fig. 1c). In contrast,
BCR-mediated phosphorylation of Akt was unaffected in Btk™" B cells
(Fig. 1c), as shown previonsly?. Thus, BCR-mediated activation of
Akt depends on PI3K, but not on Btk.

Activation of Btk is independent of PI3K

The phenotypic resemblance between PI3K+ and Btk” mice in B
cell developmental and activation defects suggests functional associ-
ation between PI3K and Btk in BCR-mediated signal transduction®”.
if PI3K functions directly, and only, upstream of Btk, activation of
Btk npon BCR stimulation would be expected to be impaired in

, PI3K~ B cells. To this end, we examined the activation of Btk upon
’ BCR stimulation (Fig. 1d,¢).

First, purified B cells from PI3K™ and WT mice were stimulated
with a F(ab)’, fragment of anti-lgM and activation of immunoprecipi-
tated Btk was evaluated by immunoblotting with the phosphotyrosine-
specific mAb, 4G10. Contrary to our expectation, tyrosine phosphory-
lation of Btk induced by BCR crosslinking was unaffected in the
absence of PI3K (Fig. 1d). Furthermore, addition of wortmannin had
little effect on tyrosine phosphorylation of Btk in both PI3K~~and WT
B cells. Another PI3K inhibitor, Ly294002 also showed no effect on
tyrosine phosphorylation of Btk

Next, we directly examined the kinase activity of Btk using an in
vitro kinase assay system. BCR-induced activation of Btk activity, as
examined by autophosphorylation of Btlk, was unaffected in PI3K-- B
cells or by PI13K inhibitors (Fig. 1f). Likewise, Btk activation, as exam-
ined by phosphorylation of an exogenous substrate, enolase, was
observed in the presence of Ly294002 (Fig. 1g). These results indicate
that Btk can be activated in the absence of PI13K activity.

Phenotypes of PI3K--Btk™" double-deficient mice

To further examine if the activation of Btk can occur independent of
PI3K in BCR signal transduction pathways, we used a genetic approach
by comparing the phenotypes of single-deficient mice and PI3K-* Btk
double-deficient mice. If PI3K simply functions upstream of Btk by
providing PIP, to the PH domain of Btk, the phenotype of double-defi-
cient mice would be identical to that of PI3K or Btk single-deficient
mice. On the other hand, if PI3K and Btk function independently in
BCR signal transduction pathways, double-deficient mice should show
a more severe phenotype. To this end, PI3K+ and Bfk” mice were
crossed and analyzed. The number of mature (B220%, IgM?*) splenic B
cells in P13K--Btk* double-mutant mice was significantly ( < 0.05)
less than that of each single-mutant counterpart (Fig. 2a and Table 1).

(Fig. le, left). Both 50 nM

Table |. Lymphocyte numbers in the spleen of Btic-, PI3K-- and PI3K-*Btlk mice

wortmannin  and 25 pM

Ly294002, which inhibit all No. of B cells No. of IgM B cells No. of T cells

types of P13Ks, did not block  Genotype* {x 109 {x 109 {(x 109 B/T cefl ratio

tyrosine phosphorylation of

Bik, whereas these inhibitors T =9 283118 108 £ 1.0 287+ 1.8 1020,
HOMOIS Bt (0 = 7) 10.0 £ 2.4 164 1.5 164 £ 2.00 0.62 £ 0,17

completely block Akt activation g3 (, = 5) 117 £ 48 5.0 + 3.4 19.3 £ 5.8" 0.64  0.28i

in the same cells (Fig. e, left).  pak-+Bek (n = 3) 62t |.4pea 1.0 £ 0.6°8 2.5 £ 47 0.28 1 0.06%

Recruitment of phosphorylated
Btk to the plasma membrane
was also unaffected by inhibi-
tion of P13K or by the lack of
PI3K (Fig. 1e, right).

"Mice are on a mixed background between C57BL/6 and 129/5v. Significance examined by Student-Newman-Keuls test: *P < 0.01
fromWT; P < 0.05 from Btic; %P < 0.05 from PI3K*;°P < 0.01 from WT; P < 0.05 from Bulc*:¢P < 0.05 from PI3K™*;*P < 0.0/
from WT; P < 0.05 from WT; P < 0.01 from WT;*P < 0.05 from Btlc*;'P < 0.05 from PI3K~. Essentially the same results were
obtained by statistical analysis using the Bonferroni correction method.
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, by transgenic expression of
1 Belx.. (a) Splenocytes of indi-

The number of circulating (B220%, IgM", lgD"et) B cells among
mature (B220%, 1gM") B cells in the spleen of PI3K~-Btk~- double-defi-
cient mice was also significantly (P < 0.05) lower than that in PI3K~-
mice, but was similar to that of Btk™~ mice (Table 1). When B/T cell
ratios were compared, double-deficient mice show significantly (P <
0.05) lower B/T ratios than do single-deficient mice.

We next investigated the proliferative response of double-deficient B
cells. Although BCR-induced proliferation of splenic B cells was
impaired in PI3K~ or Btk mice, the response of double-deficient B
cells was even lower than that of single-mutant B cells (Fig. 2b). These
genetic data support the biochemical evidence that PI3K and Btk func-
tion independently in B cell signal transduction pathways.

Impaired induction of NF-xB and Bcl-x,

BCR stimulation activates the NF-xB pathway and both Akt and Btk
are involved in NF-kB activation in B cells$*™*. We thus investigated
BCR-mediated activation of NF-kB in PI3K~- and Btk*~ B cells. In nor-
mal B cells, the activity of nuclear NF-kB complexes confaining p50
and c-Rel was increased upon BCR stimulation as revealed by elec-
trophoretic mobility shift assay (EMSA) analysis (Fig. 2¢ and data not
shown). On the contrary, activation of NF-xB was reduced in PI3K~- B
cells and in Ly294002-treated WT B cells, indicating that BCR-depen-
dent NF-xB activation involves the P13K pathway. BCR-mediated acti-
vation of NF-kB was also blocked in Btk=- B cells (Fig. 2¢), as previ-
ously reported®2. Thus, BCR-dependent activation of NF-kB requires
both PI3K and Btk.

NFE-«B is known to have a role in the induction of Bel-x, and cyclin
D2 upon BCR stimulation®***. Bel-x, induction after BCR. stimnlation
was impaired in P13K- and Btk* B cells (Fig, 2d). Furthermore,
induction of cyclin D2, indicative of cell cycle progression, was
blocked in both PI3K~ and Btk™ B cells (Fig. 2d), consistent with
the observed BCR-induced proliferative responses (Fig. 2b). These

Figure 3. Restoration of B

resnlts suggest that NF-xB-Bcl-x; and NF-xB-cyclin D2 pathways
are common downstream targets of P13K and Btk in BCR-mediated
signal transduction.

As BCR-dependent induction of Bel-x, was impaired in both PI3K+
and Btk™" mice, one prediction was that these mutant B cells would be
more susceptible to apoptosis than WT B cells. We thus examined apop-
totic cell death in suspension culture of PI3K+ and Btk B cells with or
without BCR stimulation. Apoptotic death after an 18-h incubation was
evaluated by the proportion of cells in the sub-G1 fraction in cell cycle
analysis using propidium iodide staining (Fig. 2¢). We found that 40%
of splenic B cells showed apoptosis after 18 h cultivation in virro with-
out stimulation, and such spontaneous cell death in suspension culture
was enhanced in the absence of PI3K or Btk (Fig. 2e). Although BCR
stimulation with anti-lgM F(ab)’, fragment results in a partial rescue of
WT B cells from apoptosis, BCR stimulation was unable to rescue
PI3K+ and Btk* B celis (Fig. 2e). These results indicate both P13K~*
and Btk B cells have an increased sensitivity to cell death, possibly
because of the failure of BCR-mediated Bel-x;, induction.

Forced expression of Bcl-x, in PI3K-- B cells

As shown above, the inability to induce Bcl-x; may lead to the low B
cell numbers as well as the low proliferative response of PI3K~- and
Btk* B cells, and may explain the phenotypic resemblance between
PI3K~- and Btk mice. It has been shown that forced expression of
Bel-xy, in Xid mice restores B cell development and proliferative
responses®’, We thus examined the effect of overexpression of Bel-x:. in
PI3K- B cells by generating Bel-x. transgenic PI3K~- mice.
Equivalent numbers of mature B cells and circulating B cells were
found in Bel-xe transgenic PI3K+ mice and WT mice (Fig. 3a and
Table 2). When B/T cell ratios were compared, it was also apparent that
the transgenic expression of Bel-x, in P13K~ mice restored the relative
lymphocyte composition to that found in WT mice.
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indicated mice were stimulated with anti-BCR for 18 h and examined for the expression of Bd-x, and cyclin D2. Note the constitutive expression of Bcl-x in Belx, trans-
genic B cells. Membrane was re-blotted with anti-Erk2 (Erk2). {d) T lymphocyte-independent antibody production of indicated mice using DNP-Ficoll was examined as
described?. The immune sera (+) were analyzed at day 7 for DNP specific total immunoglobulin by ELISA and titers were shown as absorbance at 405-nm wavelength (Ay;).
Preimmune sera (-) were used as controls. Data are representative of two independent experiments with similar results.
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Finally, we examined the

Table 2. Restoration of splenic B

cell numbers in PI3K”- mice by Bcl-x. expression

functions of B cells in Bel-xg

transgenic PI3K~" mice. PI3K*  Genotype* No. of B cells No. of IgM* B cells No. of T cells B/T cell ratio

B cells were incapable of prolif- (x 109 {x 109 (x 109

erating in response to BCR stim-

ulation®, but the proliferative WT (n = 6) 342 + 9.1 17.3 £ 5.3 27.1 £ 99 132032
: " Bokx tg (n=4) 564+ 16.7° 287 + 9.3° 29592 1.99 £ 0.44

response of Bel-xy fransgenic  py (, = 7 21.0 & 674 6.3 1220 35.6 432 0.60 + 0.154

PI3K-~ B cells was similar 0 p3g- x Bal-x tg (n=7)  48.2 £ 10.0¢ 14.3 £ 4.68 36404 112 1.42 + 0.43¢

that of WT B cells (Fig. 3b).
Consistent with these results,
transgenic expression of Bcl-x,

*Mice are on a C57BL/6é background. Significance examined by Student-Newman-Keuls test: ®P < 0.05 from WT; P < 0.01 from
Bcl-x, tg; P < 0.01 from PI3K+; P < 0.05 from WT; P < 0.01 from WT;#P < 0.0/ from Bcl-x, tg;"P < 0.05 from PI3K-*; P < 0.01
from WT; P < 0.01 from Bcl-x, tg;*P < 0.01 from PI3K*.

increased the expression of
cyclin D2 in PI3K-* B cells (Fig.
3¢). These results indicate that the lack of Bel-x, induction is a com-
mon defect in PI3K-- and Btk™ B cells leading to the similar pheno-
types seen in PI3K- and Btk™ mice. On the other hand, T cell-inde-
pendent antibody production in response to dinitrophenyl (DNP)-
Ficoll, which is impaired in PI3K* mice®, was not restored by intro-
duction of the Bel-x. transgene (Fig. 3d), indicating that the expression
of Bel-x, alone is insufficient for the restoration of some of the func-
tional defects observed in PI3K~- mice.

Discussion

Contrary to the current model, in which PI3K acts directly upstream of
Btk, tyrosine phosphorylation and subsequent activation of kinase
activity of Btk was unaffected by the lack of PI3K or by PI3K
inhibitors. There have been a few hints previously that this might be
the case. BCR-induced Btk activation is blocked only marginally by
wortmannin at 50 nM in the B cell line J558Lpum3%. Overexpression
of the p110 catalytic subunit of PI3K in fibroblasts as well as in the B
cell line A20B results in tyrosine phosphorylation of Btk. In this case
as well, tyrosine phosphorylation of Btk is only modestly blocked by
wortmannin, even at 100 nM, implying the presence of a PI3K-inde-
pendent pathway for Btk activation®'. A recent study further shows that
tyrosine phosphorylation of Btk is unaffected in B cells deficient for
p1108, the most abundantly expressed catalytic isoform of class I,

19y, PI3K**. Phenotypes of PI3K-Btk~ double-deficient mice were con-

istent with these observations. We repeatedly observed higher
amounts of tyrosine phosphorylation of Btk in PI3K~~ B cells than in
WT B cells. Likewise, PI3K” B cells showed higher kinase activity
than WT B cells. The reason for the hyperactivation of Btk in PI3K~
B cells is unknown at present.

The fact that a point mutation within the PH domain of Btk (in which
an arginine residue critical for the binding to PIP; is replaced by cys-
teine) leads to Xid also supports the current model'>'*', In the DT40
chicken B cell system, targeted disruption of Btk results in impaired
activation of phospholipase C-y2, which is restored by transfection of
WT Btk, but not Btk with the Xid mutation®. In our hands, however, the
mmtant Btk protein produced from the gene carrying the Xid mutation
was unstable and degraded rapidly when expressed in cells by gene
transfer (data not shown). It is possible that the defect caused by the Xid
mutation is not due to the inability to bind PIP,, but to the degradation
of the mutant protein. It was theoretically possible that Btk functions
upstream of PI3K, but the fact that PI3K was activated in the absence
of Btk excluded this possibility.

Recruitment of phosphorylated Btk to the plasma membrane was
also unaffected by PI3K inhibitors or in PI3K~ B cells. Recent studies
have raised the possibility that Btk is recruited to the plasma membrane
through a mechanism independent of P1P; generation. Identification of
an adapter protein, BLNK (also known as SLP65), and its involvement
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in Btk activation support this alternative possibility'™®. In fact, BLNK
is phosphorylated by Syk and provides Btk with docking sites to bring
them into close proximity. Btk is then activated by tyrosine phosphory-
lation after binding to BLNK upon BCR stimulation. At the same time,
BLNK is recruited to the plasma membrane upon BCR stimulation by
binding to the BCR complex, which leads to the recrnitment of Btk to
the plasma membrane®. Involvement of such molecular mechanisms of
recruiting Btk to the plasma membrane should be evaluated for a better
understanding of the role of Btk in BCR signaling. Although PI3K and
Btk likely function independently in B cell signal transduction path-
ways and have unique roles in proximal BCR signaling, we do not
exclude the possibility that the interaction between PIP; and the PH
domain is more critical for the activation of Btk, and possibly other Tec
family kinases, in other cell types with different receptor systems.

BCR-mediated activation of Akt was completely blocked in the
absence of PI3K. Activation of Akt is a multi-step reaction involving
the generation of PIP, and PIP,, which recruit Akt and PDK1, respec-
tively, to the plasma membrane®®. Although the role of Btk in Akt
activation is controversial in the chicken DT40 B cell system®#, Akt
activation, as revealed by phosphorylation of two critical residues in
primary Btk B cells, was unaffected. Thus, activation of Akt is
dependent on class I, PI3K containing p85a, but is independent of Btk
in mouse primary B cells. Akt binds and activates 1IKK to induce
degradation of 1xB and activation of NF-kB*. Btk is also required for
the activation of NF-xB in B cells?*2, Because activation of Akt does
not depend on Btk in mouse B cells, it is likely that both Btk-depen-
dent and Akt-dependent distinct pathways are required for activating
NF-xB in B cells.

Induction of both Bel-xy and cyclin D2 involves NE-kB-mediated
transcriptional activation. For example, overexpression of dominant-
negative NF-kB inhibited CD40-mediated Bcl-x; induction* and trans-
genic mice expressing a constitutively active, membrane-anchored Akt
showed elevated activation of NF-xB and Bel-x*. Bel-x;, is a major
anti-apoptotic protein that is induced upon BCR stimulation®.
Consistent with these observations, PI3K~ B cells and Btk”- B cells
showed increased apoptosis compared with WT B cells. Previously, we
observed little significant difference in viability between PI3K*- and
PI3K* B cells upon BCR stimulation, as measured by annexin V stain-
ing*. However, we noted that annexin V staining is higher on B cells
than on other cell types* and is not a sensitive method for measuring
apoptotic B cells. As shown here, propidium iodide staining seems to
be a better method to evaluate apoptosis in B cells. The lack of Bel-xo
as well as cyclin D2 induction may be the cause of the phenotypic sim-
ilarity between P13K~ and Btk mice. In fact, forced expression of
Belx, as a transgene restored B cell development and proliferative
responses similar to what has been observed in Xid B cells*. These
results also support our conclusion that the NF-«B-Bcl-x. pathway is a
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common target of P13K- and Btk-dependent distinct signaling path-
ways in B cell activation. As observed in Xid mice, however, T cell-
independent antibody production was not restored by introduction of
the Bcl-x, transgene, indicating that the expression of Bcl-x. alone is
insufficient for the restoration of some of the functional defects caused
by the lack of Btk and PI3K.

Biochemical and genetic approaches revealed that class L, PI3K
and Btk constitute functionally distinct signaling pathways proximal
to the membrane, but share a common downstream target, the NF-xB-
Bel-xy pathway, in BCR-mediated signal transduction. The lack of
activation of the NF-kB-Bcl-x, pathway likely leads to the similarity
of phenotypes in PI3K- and Btk~~ mice. The mechanisms that coor-
dinate the PI3K-Akt and Btk pathways in the activation of NF-xB
remain to be determined.

Methods

Mice. PI3K-dcficient micc™ were backerossed to C37BL/6 or BALB/¢ mice for morce than
scven generations before intercrossing heterozygous mice®, Mice on a CS7BL/6 back-
ground were used unless otherwise mentioned. Btk™® mice on a (C57BL/6 X 129/5v)
mixed background were purchased from The Jackson Laboratory (Bar Harbor, ME).
Because Btk is cneoded on the X chromosome, Btk-deficicnt female and male mice have
the Btk and Btk™ genotypes, respeotively. Henee, we designate Btk-deficient mice as
Btk micc. PI3K-*Btk" double-deficiont mice were generated by crossing PI3K- and
Btk~- micc to gencrate F2 mice carying the PIIK+Bik+ genotype. Bel-x, transgenic
mousc linc #87 on a CS7BL/6 background has been described®#, Tn this transgenic mouse
linc, human Bel-x, protein is driven by the SV40 promoter and By cnhancer and is abun-
dantly cxpressed in B cells. Bel-x, transgenic and PI3K-- mice were crossed to generate
PI3K-- micc cxpressing the Bel-x,. transgene in PI3K~ B cells, All mice were maintained
at Taconic (Germantown, NY) or in our animal facility under specitic pathogen-fiee condi-
tions. All cxperiments were performed in accordance with our Institutional Guidelines.

Reagents. Autibodics to cyclin D2, Erk2, Btk and Lyn were purchased fiom Santa Cruz
Biotcchnology (Santa Cruz, CA). Anti-Bel-x, was obtained from Transduction
Laboratorics (Lexington, KY). A mAb to Btk, 43-3B¥, was a gencrous gift from S. Tsukada
(Osaka University, Osaka, Japan)., Anti-p85™ was purchascd from Upstate Biotcchnology
(Lakc Placid, NY). Anti-Akt, anti-phospho-Akt(S473) and anti-phospho-Akt(T308) were
from Cell Signaling Technology (Beverly, MA). Specific antiscra for p85p and p55y have
been described”. Anti-phosphotyrosine antibody (4G10) was a gift from T. Roberts (DFCI,
Boston, MA). PI3K-specitic inhibitors, wortmannin and Ly294002, were purchascd from
Calbiochem (La Jolla, CA).

Flow cytometrie analysis. Fluoroscein isothiocyanate (FITC)-conjugated anti-mouse IgM,

, FITC-conjugated anti-mouse IgD, FITC-conjugated anti-CD 19, phycocrythrin (PE)-conju-

gated anti-B220, biotinylated anti-mousc TgM and biotinylated anti-CD3 were purchascd
from PharMingen (San Dicgo, CA). Binding of biotinylated mAbs was detceted with strep-
tavidin-Red670 (GIBCO BRL, Grand Island, NY). One to two million cells were stained
with designated antibodics in PBS with 2% fetal calf scrum (FCS) and subjected to analy-
sis on a FACScan using the CELLQucst program (Bccton Dickinson, San Jose, CA).

Cell stimulation and i blotting. B cclls were purificd from total splenocytes using
anti-B220-coated magnctic beads and AutoMACS (Miltenyi Biotech, Sunnyvale, CA).
Purity of the cclls was >95%. We resuspended 2-7 x 107 purified B cells in 1 ml of culture
medium and preincubated them for 15 min at 37 °C with or without inhibitors. Cells were
then stimulated with F(ab)', fragment of goat polyclonal antibody to mousc TgM (anti-IgM
F(ab)’s, 40 pg/ml; Jackson ImmunoRescarch, West Grove, PA) and incubated at 37 °C for
the indicated time. Cells were colleeted, lysed in a lysis buffer solution (1% NP-40, 50 mM
Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 10 pg/mi leupeptin, 10 pg/ml aprotinin, 1 jg/m]
pepstatin A, 50 UM phenylmethylsulfonyl fluoride (PMSF), 1 mM Na-vanadatc) and
immunopreeipitated with the indicatcd antibodics or direetly applicd to SDS-PAGE and
transferred to polyvinyldifluoride (PVDF) membranes. Reactive proteing were visualized
with ECL Chemilumincscent substrates (NEN, Boston, MA). To examine phosphorylation
of Btk in the membranc fraction, cells were lysed with 300 il of hypotonic buffer solution
(10 mM HEPES, pH 7.9, 10 mM NaF, 1.5 mM MgCl,, 10 mM KCl, I mM benzamidine,
2 mM EGTA, 2 mM DTT, | mM vanadatc, | mM PMSF, 1% aprotinin) using a Dounce
homogenizer. Lysates were centrifuged at 10,000g for 305, and the supcmatant was further
centrifuged at 100,000g for 30 min to obtain S100 (supcrnatant) and PLOO (pelict). P100
was subjected to immunoblot analysis with 4G10 and anti-Lyn.

PI3K activity. Activation-induced PI3K activity in B cclls was cstimated as PI3K activity
among tyrosine phosphorylated proteins’. Afier BCR stimulation, cell lysates were
immunoptecipitated with 4G10 and subjected to in vitro PI3K assay. Bricfly, immunoprc-
cipitate was incubated with phosphatidylinositol and y-["PJATP for 15 min at room tem-
perature, and the chloroform extract was scparated by thin-layer chromatography.
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Btk aetivity. Splenic B celis (6 % 107) were stimulated with or without 20 pg/ml of anti-TgM
F(ab)', at 37 °C for 3 min in the presence or absenee of PI3K inhibitors, and Tysed in an
cxtraction buffer solution (20 mM Tris, pH 7.4, 2 mM EGTA, 12.5 mM $-glyccrophosphate,
10 pg/ml leupeptin, 10 pg/ml pepstatin A, 2 mM DTT, 1| mM PMSF, 1 mM vanadate, 1%
aprotinin) containing 0.2% Triton X-100. For immunoprecipitation, 15 pig of an anti-Btk
was coupled to protcin A Scpharosc at 4 °C overnight. The beads were washed once with
cxtraction buffer solution and incubated with precleared total cell lysates for 1 h at 4 °C.
Subscquently, the beads were washed twice with extraction butfer solution containing 1%
Triton X-100 and once with cxtraction buffer solution alone, followed by incubation with
or without 100 pM ATP at 22 °C for 5§ min. Samples were subjected to immunoblot analy-
¢is with 4G10. Or, immunocomplex was incubated with 5 1g of acid-denatured enolase as
an cxogenous substrate in the presence of 100 pM ATP at 22 °C for 5 min.

EMSA. Preparation of nuclear extract and EMSA weie carried out as described®2 Brictly,
10 pg nuclear extract was incubated with 20 finol #P-labeled NF-xB probe (Santa Cruz).
The DNA-protein complexes were resolved on a native 5% polyacrylamide gel, dried and
exposed 1o an x-ray film for autoradiography. Identity of the band was confirmed by anti-
P30 (Santa Cruz)-induced supershift (data not shown).

Cell proliferation and cell cycle analysis. Purificd B cells (0.5 to 1 X 10%well) were treated
with the indicated concentrations of anti-IgM F(ab)’, in culture medium containing
2 ug/mt riL-4 (Pepro Tech ECyr, London, England) in 96-well plates for 72 b, ["H] Thymidinc
(3.7 % 10" Bq (1 pCiywell) was added to the cultures during the last 16 h and uptake of
radioactivity was mcasurcd by liquid scintillation counter. For cell cycle analysis, splenic B
cclls were activated with anti-IgM Fab)', in vitro for 18 b, fixed with 70% cthanol and treat-
cd with RNascA (1 mg/ml). Fixed cells were stained with 50 pg/iml propidium iodide for 3 b
at room temperature and analyzed on a FACScan (Beckton Dickinson).

Antibody production. Micc were pre-bled and immunized intraperitoncally with 100 pg
DNP-keyhole lympet hemocyanin (KLH; LSL, Tokyo, Japan) in a 1:1 cmulsion with
Freund’s complete adjuvaut (Sigma), or 10 pug DNP-Ficoll in PBS at day 0. Thc scium was
analyzed at day 7 for DNP specitic total immunoglobulin by ELISA.
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