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The p85a subunit of phosphatidylinositol 3-kinase (PI-3k) forms a complex with a protein network associ-
ated with oncogenic fusion tyrosine kinases (FTKs) such as BCR/ABL, TEL/ABL, TEL/JAK2, TEL/PDGF$R,
and NPM/ALK, resulting in constitutive activation of the p110 catalytic subunit of PI-3k. Introduction of point
mutations in the N-terminal and C-terminal SH2 domain and SH3 domain of p85«, which disrupt their ability
to bind phosphotyrosine and proline-rich motifs, respectively, abrogated their interaction with the BCR/ABL
protein network. The p85« mutant protein (p85mut) bearing these mutations was unable to interact with
BCR/ABL and other FTKSs, while its binding to the p110« catalytic subunit of PI-3k was intact. In addition,
binding of Shc, c-Cbl, and Gab2, but not Crk-L, to p85mut was abrogated. p§5mut diminished BCR/ABL-
dependent activation of PI-3k and Akt kinase, the downstream effector of PI-3k. This effect was associated with
the inhibition of BCR/ABL-dependent growth of the hematopoietic cell line and murine bone marrow cells.
Interestingly, the addition of interleukin-3 (IL-3) rescued BCR/ABL-transformed cells from the inhibitory
effect of p85mut. SCID mice injected with BCR/ABL-positive hematopoietic cells expressing p85mut survived
longer than the animals inoculated with BCR/ABL-transformed counterparts. In conclusion, we have identified
the domains of p85a responsible for the interaction with the FTK protein network and transduction of

leukemogenic signaling.

Chromosomal translocations are responsible for the appear-
ance of oncogenes encoding fusion tyrosine kinases (FTKs)
such as BCR/ABL, TEL/ABL, TEL/JAK2, TEL/PDGFBR,
BCR/FGFR1, and NPM/ALK (4, 28). These FTKs (BCR/
ABL-related FTKs) share structural and functional similari-
ties. They induce acute and chronic leukemias and lymphomas
via activation of multiple signaling pathways which render cells
independent of their environment and modulate their response
to DNA damage. FTKs allow cells to proliferate in the absence
of growth factors, protect cells from apoptosis in the absence of
external survival factors, and may promote invasion and me-
tastasis (10, 40, 59). In addition, FTKs can modulate response
to DNA damage, rendering cells resistant to genotoxic thera-
pies and causing genomic instability (47).

FTKs form protein networks by interacting directly or indi-
rectly (via adaptor proteins) with numerous signaling mole-
cules, including Ras, phosphatidylinositol (PI) 3-kinase (PI-
3k), and STATS, resulting in their activation, which is essential
not only for leukemogenesis but also for resistance to apopto-
sis induced by DNA damage (10, 40, 52, 59). We and others
reported that PI-3k activity is important for the growth of
BCR/ABL-positive chronic myelogenous leukemia (CML)
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cells and NPM/ALK-transformed anaplastic large-cell lym-
phoma cells; however, it is dispensable for the proliferation of
normal hematopoietic precursors (2, 32, 50, 53). In addition,
PI-3k inhibitors appear to enhance the effect of imatinib me-
sylate, a selective inhibitor of BCR/ABL kinase (26, 32). Alto-
gether, these findings made PI-3k an attractive target for novel
antileukemia modalities (9, 17).

PI-3k activity is important in FTK-mediated protection from
apoptosis in the absence of growth factors, probably due to the
activation of Akt resulting in activation of Raf-1 and phosphor-
ylation of Bad (2, 31, 36). However, PI-3k appears to be irrel-
evant in FTK-mediated protection from apoptosis induced by
genotoxic agents (1, 16). In addition, PI-3k plays a role in the
stimulation of proliferation of FTK-positive cells, possibly due
to a decrease in expression of a cell cycle inhibitor, p27%P* (15,
54).

Although multiple forms of PI-3k exist in higher eukaryotes,
the class Ia enzymes are primarily responsible for production
of D-3 phosphoinositides in response to ligand-dependent re-
ceptor stimulation and tyrosine kinase activation (7, 55). Phos-
phoinositides act as important second messengers in many
signal transduction pathways. Class Ia enzymes are het-
erodimers of adaptor (p85«, p85B, p85y, and two p85a splice
variants, pS5a and p50a) and catalytic (p110«, p110B, and
p1103) subunits. The regulatory subunit maintains the catalytic
subunit in a low-activity state in quiescent cells and mediates its
activation by direct interaction with activated receptor or non-
receptor tyrosine kinase. Thus, loss of adaptor function may be
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expected to affect catalytic function as well. In accordance with
this speculation, BCR/ABL-mediated transformation was in-
hibited by the downregulation of p85 expression by antisense
oligonucleotides or by genetically engineered ablation of p85a
and its splice variants, p55a and p50a (24, 50). Therefore,
disruption of interaction of p85a with BCR/ABL kinase may
exert a detrimental effect on leukemia cells.

The p85a adaptor protein employs the inter-SH2 (iSH2)
region to bind the p110 catalytic subunit (27) and employs SH3
and SH2 domains, phosphotyrosine residues, and proline-rich
motifs to interact with activated tyrosine kinases (20, 34) in-
cluding BCR/ABL and NPM/ALK (2, 23) or adaptor proteins
such as Shc, c-Cbl, Crk-L, and Gab2 (19, 43, 44), which en-
hance the association of PI-3k with activated tyrosine kinases
(22). Since interaction of p85a with an active tyrosine kinase
protein network is essential for stimulation of p110 catalytic
activity, disruption of the interaction of the p85a-p110 het-
erodimer with activated tyrosine kinase should abrogate the
biological effects dependent on PI-3k. Here, we have identified
the p85a mutant, which forms a heterodimer with p110a but
does not interact with the protein networks of BCR/ABL and
other FTKs, and described the biological consequences of
PI-3k (p85a-p110) dislocation from the BCR/ABL kinase.

MATERIALS AND METHODS

Cell lines. Murine growth factor-dependent 32Dcl3 and BaF3 cell lines, as well
as p210BCR/ABL-, p190BCR/ABL-, TEL/ABL-, TEL/PDGFBR-, TEL/JAK2-,
and NPM/ALK-transformed counterparts, were described previously (52). Cells
were cultured in Iscove’s medium supplemented with 10% fetal bovine serum
(FBS), 15% WEHI-conditioned medium as a source of interleukin-3 (IL-3), and
penicillin/streptomycin. Human embryonic kidney 293T cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum and sup-
plemented with glutamine and penicillin/streptomycin.

Plasmid constructions. (i) Construction of the GST-p85 fusion proteins. Full-
length p85 and p85 fragments were amplified by PCR using bovine p85a cDNA
(41) as a template. BamHI and EcoRI restriction sites were introduced at the N
and C termini, respectively, and the PCR products were cloned in frame into the
pGEX-2T expression vector to generate glutathione S-transferase (GST) fusion
proteins. The full-length p85« and the N- and C-terminal SH2 domains (nSH2
and cSH2, respectively) and SH3 domain were obtained as previously described
(13). The primers used to amplify the BCR and iSH2 fragments were as follows:
5'-CGAGGATCCGCTCCACCGCTTCTTATCAA-3" (BCR sense), 5'-CAAG
AATTCGGGAGGCAGTGCTGGTGCAGG-3" (BCR antisense), 5'-CGAGG
ATCCCAACAGGATCAAGTTGTCAAA-3' (iSH2 sense), and 5'-CAAGAAT
TCGTCTTCAGTGTTTTCATTGCC-3" (iSH2 antisense).

(ii) Site-directed mutagenesis. A QuikChange XL site-directed mutagenesis
kit (Stratagene) was used, according to the manufacturer’s instruction, to intro-
duce mutations in the full-length p85« and the SH3 and SH2 domains. The sense
primers containing the desired mutations were as follows: SH3 E52D (5'-AAG
CCTGAAGATATTGGCTGGTTA-3"), SH3 W55F (5'-GCCAAGCCTGAAG
AAATTGGCTTCTTAAATGGCTATAACG-3'), SH3 T72I, (5'-AGGGGAGA
CTTTCCGGGAATTTACGTAGAATATATTGG-3"), cSH2 R358L (5'-GCTG
ACGGGACCTTTTTGGTACTAGACGATC-3'), and nSH2 R649L (5'-ACGG
CACTTTTCTTGTCCTGGAAAGCAGTAAACAGG-3'). The mutations were
confirmed by sequencing.

(iii) Construction of pMIG-p85mutFlag. The pGEX-2T plasmid containing
full-length p85a ¢cDNA or the mutant encoding W55F + T72I + R358L +
R649L amino acid substitutions and the pMIGR1-IRES-EGFP retroviral con-
struct were digested with BamHI and BglII, respectively, filled in with Klenow
fragment, digested with EcoRI, and ligated, generating p85-internal ribosome
entry site (IRES)-green fluorescent protein (GFP) (pMIG-p85wt) and p85mut-
IRES-GFP (pMIG-p85mut) retroviral constructs. To insert a Flag tag at the
C-terminal end of the p85a constructs, the stop codon was removed by site-
directed mutagenesis (QuickChange; Stratagene), and Flag cDNA, followed by
the stop codon, was inserted at the EcoRI site. The constructs were verified by
sequencing.
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Transfection of 293T cells with p210BCR/ABL and p85-Flag constructs. 293T
cells were transfected with pMIG-p210BCR/ABL, pMIG-p85wt-Flag, pMIG-
p85mut-Flag, or pMIG empty retroviral constructs as described previously using
the calcium phosphate protocol (49). Forty-eight hours after transfection, p85-
Flag proteins were immunoprecipitated from total cell lysates using anti-Flag M2
affinity gel (Sigma), and the presence of p210BCR/ABL and p85-Flag proteins
was assessed by Western analysis.

Pull-down and Western blot analyses. Cells were solubilized for 20 min on ice
in lysis buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 1% NP-40, 10% glycerol,
5 mM EDTA, 1 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride,
50 mM NaF, 1 mM Na;VO,, and 10 wg/ml each leupeptin and aprotinin) and
centrifuged (16,000 X g for 10 min at 4°C), and the supernatant was collected for
experiments. The p190BCR/ABL protein and the kinase-deficient (KD) mutant
were in vitro transcribed and translated (IVTT) using pcDNA3-p190BCR/ABL
and pcDNA3-p190BCR/ABL-KD plasmids (kindly provided by Justus Duyster
[3]) and a TNT-coupled transcription/translation kit (Promega). GST fusion
proteins were produced in Escherichia coli DHS5a-competent bacteria trans-
formed by the pGEX-2T constructs. GST fusion proteins immobilized on gluta-
thione-Sepharose beads (Pharmacia) were incubated for 2 h or 12 h at 4°C with
cell lysates or IVTT reactions, washed, resuspended in 2X Laemmli sample
buffer, and boiled for 5 min. The reaction products were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed
by Western blotting using the antibodies recognizing c-ABL (Oncogene), p85
and pl110a (BD Transduction Laboratories), Akt (Cell Signaling), phospho-
Ser473-Akt (Cell Signaling), CrkL (Cell Signaling), Flag (Sigma), GST (Santa
Cruz), B-actin (Oncogene), Shc (Santa Cruz), Gab2 (Santa Cruz), c-Cbl (Santa
Cruz), PDGFBR (Santa Cruz), ALK (BD Transduction Laboratories), and Jak2
(Santa Cruz).

PI-3k assay. PI-3k activity was examined in the antiphosphotyrosine immuno-
precipitates using [y-**P]JATP and PI as a substrate as described previously (50).
32p_labeled PI was resolved by thin-layer chromatography and visualized by
autoradiography.

Retroviral infections. Infections with bone marrow cells (BMCs) were per-
formed as described previously (39), with modifications. Briefly, BMCs from
C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) pretreated with 5-fluorou-
racil or from Gab2™/~ mice and Gab2*'" littermates (18) were stimulated with
stem cell factor and IL-3 for 48 h and then cocultivated with the supernatants
collected from amphotropic Phoenix packaging cells (American Type Culture
Collection, Manassas, VA) transfected with pSRa-p210BCR/ABL and those
transfected with p85mut-IRES-GFP or IRES-GFP retroviral particles (if appli-
cable). p210BCR/ABL-32Dcl3 cells (three clones, transformed with pSRa-
p210BCR/ABL [51], that are sensitive to the PI-3k inhibitors wortmannin and
LY294002) were infected with p85mut-IRES-GFP or IRES-GFP retroviral par-
ticles as described above. GFP-positive (GFP™) cells were obtained by sorting
after 72 h of continuous infection, expanded for 7 days in the presence of growth
factors and G418 (if applicable), and then spun down on Lympholyte-M (Ce-
darlane Laboratories, Hornby, Ontario, Canada) to eliminate dead cells. GFP"
and G418-resistant GFP™* cells were used for experiments.

Proliferation assays. Cells (10*/0.1 ml) were incubated in the presence or
absence of IL-3 as indicated, and their proliferation capability was examined by
counting cells using trypan blue as described previously (38). Clonogenic assay
was performed in MethoCult H4230 semisolid medium (Stem Cell Technologies,
Vancouver, British Columbia, Canada) in the absence of IL-3 as described
previously (39, 48). Colonies were counted after 7 days.

Leukemogenesis in SCID mice. SCID outbred mice (Taconic Farms, German-
town, NJ) were injected with 10° or 10° p210BCR/ABL+E or p210BCR/
ABL+p85mut 32Dcl3 cells. Terminally ill mice were sacrificed and examined
macroscopically for the development of hematological malignancy as described
previously (39). Survival time was calculated by the Kaplan-Meier test.

RESULTS

SH3 and SH2 domains, but not iSH2 and BCR domains, of
p85« interact with BCR/ABL kinase. BCR/ABL kinase inter-
acts with the p85a adaptor protein leading to activation of the
PI-3k—Akt pathway, which is important for BCR/ABL leuke-
mogenesis. To determine how p85« interacts with BCR/ABL
kinase, various p85a domains (Fig. 1A) were fused to GST,
immobilized on glutathione-Sepharose beads, and used for
pull-down assays with cell lysates prepared from p210BCR/
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FIG. 1. Interaction of the p85a fragments with BCR/ABL. GST fusion proteins containing the indicated p85a fragments (A) were used for the
pull-down assay along with the total cell lysates isolated from p210BCR/ABL-positive 32Dcl3 cells (B) or with p210BCR/ABL produced by IVTT
(C). The reactions were resolved by SDS-PAGE and analyzed by Western blotting using anti-ABL (upper box) and anti-GST (lower box) primary

antibodies to detect BCR/ABL and GST proteins, respectively.

ABL-expressing 32Dcl3 cells. Abundant association was de-
tected between the p85a ¢SH2 and p210BCR/ABL kinase,
whereas the SH3 domain displayed modest binding, and only
weak interaction was detected with the nSH2 domain (Fig.
1B). GST alone did not interact with BCR/ABL.

To further investigate whether the interactions are direct or
indirect, the p190BCR/ABL kinase and p190BCR/ABL-KD
mutant were produced in vitro and used for pull-down assays
with full-length p85« fused with GST. p190BCR/ABL kinase,
but not the kinase-deficient pl190BCR/ABL-KD mutant,
formed a complex with GST-p85a, suggesting that direct in-
teraction depends on the kinase activity of BCR/ABL (Fig.
1C). To further dissect the mechanisms responsible for this
effect, GST fusion proteins containing p85a SH3, nSH2, and
c¢SH2 domains were employed. Interestingly, only ¢SH2 ap-
pears to interact directly with the pI90BCR/ABL kinase (Fig.
1C).

Mutations in the p85a SH3 and SH2 domains disrupt their
interactions with p210BCR/ABL. The FLVRES motif of the
SH2 domain is the best-conserved region among all SH2 do-
mains (56), and mutation of the arginine residue prevents the
SH2 domain from binding phosphotyrosine-containing se-
quences (33). Each of the analogous arginine residues in the
p85a SH2 domains was mutated to leucine (R358L in the
nSH2 domain and R649L in the ¢SH2 domain [Fig. 2A]).
Pull-down experiments in which immobilized GST fusion pro-
teins expressing wild-type or mutated p85a SH2 domains were
incubated with cell lysates containing p210BCR/ABL kinase
were carried out. Wild-type GST-p85 SH2 domains were able
to form complexes with p210BCR/ABL kinase, whereas the
mutated domains nSH2 (R358L) and ¢SH2 (R649L) were not
(Fig. 2B). These results demonstrate that these conserved ar-
ginine residues within the p85« SH2 domains are required for

phosphotyrosine-dependent binding to the BCR/ABL kinase
protein network.

To examine the molecular basis for SH3 association with
BCR/ABL, we first generated GST fusion proteins that con-
tained SH3 fragments (shown in Fig. 3A) and applied them in
the pull-down assay with cell lysates from p210BCR/ABL
32Dcl3 cells. The fragment containing the N-terminal 79
amino acids (aa) was able to bind BCR/ABL kinase, whereas
that containing only 48 amino acids was not (Fig. 3B), suggest-
ing that the interaction depends on the fragment between
amino acids 49 and 79. SH3 domains interact with proline-rich
sequences (PxxP) and mediate specific protein-protein inter-
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FIG. 2. Mutations in the p85a SH2 domains disrupt the interaction
with p210BCR/ABL. GST fusion proteins containing the indicated
p85a SH2 domains and their mutants (A) were used for the pull-down
assay along with the total cell lysates isolated from p210BCR/ABL-
positive 32Dcl3 cells (B). The reactions were resolved as described in
the Fig. 1 legend.
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to 79-aa region (Fig. 3A). Accordingly, ES2D, W55F, and T721

A
1 g E E ad mutants of the p85« SH3 domain were generated and applied
P85 SH3 lsisii e in pull-downs. W55F and T72I aa substitutions completely
s ) abrogated the ability of the p85a SH3 domain to interact with
e ' p210BCR/ABL kinase, whereas E52D exerted a partial inhib-
itory effect (Fig. 3B). Taken together, these results indicate
B GST-p8S SH3 that W55 and T72 are essential for the interaction of the PI-3k
g B SH3 domain with the BCR/ABL kinase protein network. In
b % f E § £ £ addition, the p85a W55F mutant expressed in BCR/ABL-pos-
BORIARE ‘ . s ‘ - itive 32Dcl3 cells exerted a modest (16% =+ 5%) but reproduc-
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FIG. 3. Mutations in the p85« SH3 domain disrupt the interaction starvation.

with p210BCR/ABL. GST fusion proteins containing the p85a SH3 Mutations in the SH3 and SH2 domains of the full-length
domain and the indicated fragments or mutants (A) were used for the p85a protein abrogate its interaction with BCR/ABL kinase

pull-down assay along with the total cell lysates isolated from
p210BCR/ABL-positive 32Dcl3 cells (B). The reactions were resolved
as described in the Fig. 1 legend.

and some adaptor proteins. To test whether or not the muta-
tions of the SH2 and SH3 domains in full-length p85a can
interfere with its interaction with the BCR/ABL protein net-
work, we generated different p85« mutants (as indicated in Fig.
actions (57). Three-dimensional structures of the PI-3k SH3 ~ 4A) linked to GST. These GST-p85a mutants and wild-type
domain have been determined by nuclear magnetic resonance ~ proteins were used in pull-down assays with lysates from
spectroscopy and X-ray crystallography (30), and the amino p210BCR/ABL 32Dcl3 cells. Simultaneous introduction of the
acid residues E52, W55, and T72 responsible for binding the previously characterized amino acid substitutions (WS5S5F,
PxxP motif have been proposed (5, 29, 58), which are in the 49- T72I, R358L, and R649L) in the SH3 and both SH2 domains
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FIG. 4. Mutations in the p85a full-length protein affect the interaction with the p210BCR/ABL protein network. GST fusion proteins
containing the p85a wild type (wt) or indicated mutants (A) were used for the pull-down assay along with the total cell lysates isolated from
p210BCR/ABL-positive 32Dcl3 cells. (B) The reactions were resolved by SDS-PAGE and analyzed by Western blotting using anti-ABL (top),
anti-p110a (middle), and anti-GST (bottom) primary antibodies to detect BCR/ABL, p110a, and GST proteins, respectively. (C) p210BCR/ABL
and Flag-p85wt, Flag-p85mut, or empty plasmid were expressed in 293T cells and detected in total cell lysates (Lysate). The presence of BCR/ABL
and Flag-p85 proteins in anti-Flag immunoprecipitates was also determined (IP:anti-Flag). (D) GST fusion proteins containing the p85a wild type
(wt) or the W55F + T721 + R358L + R649L mutant (mut) were used for the pull-down assay along with the total cell lysates isolated from
p210BCR/ABL-positive 32Dcl3 cells. The presence of Crk-L, c-Cbl, Gab2, and Shc in the reactions was determined by Western analysis. (E) GST
fusion proteins containing p85wt or p8Smut were used for the pull-down assay along with the total cell lysates isolated from BaF3 cells transformed
by the indicated FTKs. The reactions were resolved by SDS-PAGE and analyzed by Western blotting using the kinase-specific antibody (upper
boxes) and anti-GST antibody (bottom box) to detect the indicated FTKs and GST proteins.
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FIG. 5. ¢SH2 and SH3 domains of p85«a interact with Gab2. GST fusion proteins containing p85« or the indicated p85a fragments were used
for the pull-down assay along with the total cell lysates isolated from (A) p210BCR/ABL-positive 32Dcl3 cells, (B) 32Dcl3 cells expressing the
p190BCR/ABL wild type (wt) or indicated mutants, and (C) GFP" p210BCR/ABL-positive Gab2™/* and Gab2 ™/~ cells expressing similar levels
of p210BCR/ABL kinase (Lysates). The reactions were examined by Western analysis to detect Gab2 (A, upper box), BCR/ABL (B, C, upper

boxes), and GST (lower boxes) proteins.

of full-length p85a (p85mut) disrupted its ability to associate
with BCR/ABL kinase in the pull-down assay (Fig. 4B).

The p85a adaptor subunit is known to form a constitutive
heterodimer with the p110« catalytic subunit (13, 21). To in-
vestigate whether or not amino acid substitutions in the SH3
and SH2 domains of p85a would affect its binding to p110«,
GST-p85a wild-type and mutant proteins were used for the
pull-down assay with the lysates from p210BCR/ABL 32Dcl3
cells. The results in Fig. 4B show that the GST-p85« wild type
and all mutants are able to interact with p110a. Therefore, it
appears that p85a interacts independently with the BCR/ABL
protein network via SH3 and SH2 domains and with p110a via
the iSH2 region. In addition, since p85mut binds to the p110
catalytic subunit, but not to BCR/ABL kinase, it should exert
a dominant-negative mutant (DNM) effect.

To investigate whether amino acid substitutions W55F +
T721 + R358L + R649L can disrupt the interaction of p85a
with the BCR/ABL protein network in vivo, p85wt-Flag and
p8Smut-Flag were coexpressed with p210BCR/ABL in 293T
cells, and the interaction was assessed in anti-Flag immuno-
precipitates. p210BCR/ABL was readily detected in p85wt-
Flag but not in p85mut-Flag immunoprecipitate (Fig. 4C).
Thus, disruption of the SH3 and SH2 domain binding abilities
in p85a severely affected its complex formation ability with
p210BCR/ABL.

We also studied whether or not p85mut is able to interact
with adaptor proteins such as Crk-L, Gab2, ¢-Cbl, and Shc,
which can mediate the interaction between BCR/ABL kinase
and PI-3k (19, 43, 44). Pull-down assays indicated that GST-
p85mut loses the ability to associate with Gab2, Shc, and c-Cbl
but not with Crk-L (Fig. 4D).

Gab2 was identified as a key determinant in BCR/ABL-
mediated activation of PI-3k (43); therefore, its interaction
with p85a domains and BCR/ABL kinase was investigated in
more detail. Pull-down assays show that cSH2 and SH3 but not
the nSH2 domain of p85«a interact with Gab2 (Fig. 5SA). In
addition, Gab2 is a major adaptor protein intermediating be-
tween p85a and the BCR/ABL Y177 phosphotyrosine residue
(43). The Y177F amino acid substitution reduced the amount
of BCR/ABL protein pulled down by GST-cSH2 but not by
GST-SH3; the latter interaction even appears enhanced by the
Y177F mutation (Fig. 5B). Thus, Gab2 seems to link the cSH2
domain of p85a and phospho-Y177 of BCR/ABL. This hypoth-
esis is further supported by the observation that the interaction

between p210BCR/ABL kinase and full-length GST-p85«a or
GST-cSH2 of p85a is strongly reduced or undetectable, re-
spectively, in the absence of Gab2 (Fig. 5C). Altogether, while
Gab? interacts with both the cSH2 and SH3 domains of p85«,
it provides a critical functional link between p85a ¢cSH2 and
phospho-Y177 of BCR/ABL.

Since FTKs such as TEL/ABL, TEL/PDGFBR, TEL/JAK2,
and NPM/ALK also coimmunoprecipitate with p85 and trans-
duce oncogenic signals through PI-3k (8, 37, 40, 53), we exam-
ined if they were also able to interact with p85mut. For this
reason, GST-p85 and GST-p85mut fusion proteins were used
as bait in pull-down assays with cell lysates obtained from
FTK-expressing BaF3 cell lines. Similarly to BCR/ABL, other
FTKs also do not interact with p85mut (Fig. 4E). These results
demonstrate that SH2 and/or SH3 domains of the p85a adap-
tor protein are important for the interaction with BCR/ABL-
related FTKs.

p85mut inhibits PI-3k signaling and BCR/ABL-dependent
leukemogenesis. The serine/threonine kinase Akt/protein ki-
nase B is a major downstream mediator of PI-3k activity. PI-
3k-dependent activation of Akt is accompanied by its phos-
phorylation on serine 473 (46). To investigate whether or not
p85mut affects PI-3k downstream signaling, serine 473 phos-
phorylation of Akt was examined by Western analysis in
p210BCR/ABL cells cotransfected with p85mut cDNA or
empty plasmid. As expected, p85mut expression diminished
PI-3k catalytic activity and Akt serine 473 phosphorylation in
BCR/ABL cells (Fig. 6A).

To investigate whether or not p85mut could affect BCR/
ABL-dependent growth, p210BCR/ABL-transformed 32Dcl3
cells were transfected with p8Smut-IRES-GFP or GFP retro-
viral constructs. As shown in Fig. 6B, proliferation of GFP™*
cells transfected with p85Smut cDNA was inhibited in compar-
ison to that of cells transfected with empty plasmid (GFP only)
when cultured in the absence of IL-3; p85mut did not affect
proliferation in the presence of IL-3. In concordance, p85Smut
diminished the clonogenic activity of p210BCR/ABL-express-
ing 32Dcl3 cells in the absence of IL-3 (Fig. 6C). p85mut
exerted a similar effect in p190BCR/ABL-transformed 32Dcl3
cells (data not shown). Finally, murine BMCs were employed
to confirm that the inhibitory effect of p85mut could also be
observed in primary cells. BMCs cotransfected with p210BCR/
ABL and p85mut cDNAs formed fewer colonies in methylcel-
lulose in the absence of IL-3 than cells cotransfected with
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FIG. 6. The p85c mutant inhibits BCR/ABL-mediated leukemo-
genesis. (A) The p85a mutant inhibits PI-3k activation and phosphor-
ylation of Akt in vivo. 32Dcl3 parental and BCR/ABL-positive coun-
terparts were infected with p85SmutFlag-IRES-GFP (p85mut) or empty
IRES-GFP retroviral construct (e). PI-3k enzymatic activity was mea-
sured in the kinase assay in vitro using phosphatidylinositol as a sub-
strate. Akt activation was assessed by Western analysis detecting the
phosphorylated form of Akt; total Akt protein and actin were detected
as loading controls. Anti-Flag antibody was used to confirm the ex-
pression of p85mut-Flag protein. (B, C) BCR/ABL-expressing 32Dcl3
cells were infected with p85amutFlag-IRES-GFP (black bars) or
empty IRES-GFP (gray bars) retroviral construct. The proliferation
potential of GFP™ cells was analyzed by trypan exclusion in the pres-
ence of bovine serum albumin, FBS, or FBS plus IL-3 (B) or clono-
genic assay (C). (D) Mouse mononuclear bone marrow cells were
coinfected with pSRa-BCR/ABL and p85mutFlag-IRES-GFP retrovi-
ral construct or IRES-GFP empty construct. The clonogenic ability of
GFP™ cells was evaluated in the absence of growth factors. Results in
B, C, and D represent means * standard deviations from three to four
independent experiments (P value calculated by Student’s ¢ test). % of
clonogenic cells represents the percentage of cells plated that formed
colonies. (E) Survival of SCID mice injected with cells transfected with
BCR/ABL and empty plasmid (BCR/ABL+E), or BCR/ABL and
p85mut (BCR/ABL+p85mut). Survival of the animals was monitored
weekly.

BCR/ABL and empty vector (Fig. 6D). Altogether, these re-
sults suggest that p85Smut interferes with BCR/ABL-dependent
growth in vitro.

To determine whether or not p85mut also inhibits BCR/
ABL-mediated leukemogenesis in vivo, SCID mice were in-
jected with p210BCR/ABL-expressing 32Dcl3 GFP™ cells re-
sulting from transfection with p85mut-IRES-GFP or IRES-
GFP retroviral constructs (Fig. 6A to C). All 10 mice inoculated
with 10° p210BCR/ABL-32Dcl3 GFP* cells infected with
IRES-GFP (p210BCR/ABL+E) succumbed to leukemia (me-
dian survival time, 8.5 weeks) (Fig. 6E). In contrast, 4/10 of
those injected with 10° p210BCR/ABL-32Dcl3 GFP™ cells
infected with p85mut-IRES-GFP (p210BCR/ABL+p85mut)
were still alive after 40 weeks (median survival time, 24.2 weeks
[P = 0.0017]). The median survival times of the animals inoc-
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ulated with 10° p210BCR/ABL+E or p210BCR/ABL+p85mut
cells were 5.0 and 8.2 weeks, respectively (P = 0.02). This
observation indicates that p85mut interferes with BCR/ABL-
mediated leukemogenesis in mice and that the antitumor effect
depends on the number of injected leukemia cells. Macro-
scopic examination of the internal organs (spleen, liver, and
kidney) in terminally ill animals indicated the presence of
leukemia in essentially all inspected organs.

DISCUSSION

BCR/ABL and other FTKSs, such as TEL/ABL, TEL/JAK2,
TEL/PDGFBR, and NPM/ALK (BCR/ABL-related FTKs), as-
sociate with the p85a subunit of PI-3k, leading to activation of
the p110 catalytic subunit (6). Inhibitors of PI-3k, such as
wortmannin and LY294002, were proven effective against he-
matopoietic malignancies expressing BCR/ABL and related
FTKs (2, 14, 26, 32, 37, 48, 50, 53). Interestingly, these inhib-
itors may exert a selective antileukemia/anti-lymphoma effect
while sparing normal counterparts (32, 50, 53). Moreover, they
enhanced the anti-CML effect of imatinib mesylate (26, 32).
Unfortunately, these inhibitors (especially wortmannin) ex-
erted a substantial nonspecific toxicity (12), precluding them
from being used as antileukemia drugs in patients. However,
compounds more specifically targeting PI-3k or the interac-
tions between PI-3k and FTKs may become novel antileuke-
mia/anti-lymphoma therapeutics. Therefore, studies of the in-
teractions between the p85 subunit of PI-3k and FTKs are
needed to pinpoint the mechanisms.

Here, we show that p85a employs multiple domains to in-
teract with BCR/ABL-related FTKs. Studies with BCR/ABL
demonstrated that p85a can interact directly and indirectly
with BCR/ABL. Direct interaction depends on the kinase ac-
tivity of BCR/ABL and is mediated by the cSH2 domain, but
not nSH2 and SH3 domains, of p85«. This is in agreement with
another observation that GST-cSH2, but not the GST-nSH2
domain, pulled down purified c-ABL kinase (35). However,
BCR/ABL kinase from leukemia cell lysates was able to inter-
act with the SH3 and both SH2 domains of p85«, implicating
indirect interactions via adaptor proteins. BCR/ABL and other
FTKs interact directly and indirectly with numerous adaptor
proteins to regulate apoptosis and proliferation (4, 42). Adap-
tors such as Crk-L, Shc, Gab2, and c¢-Cbl can connect BCR/
ABL (and probably also other FTKs) to PI-3k (19, 43, 44), and
pS8S5mut loses the capability of interaction with all of them
except Crk-L. This result is supported by previous reports
showing that adaptor proteins Crk-L, Shc, Gab2, and c-Cbl
interact with SH2 and SH3 domains of p85 (11, 19, 22, 43-45).
In addition, since the SH3 domain of Crk-L can bind p85 (45),
it still forms a complex with p85Smut. However, it appears that
Crk-L cannot link p85mut with BCR/ABL in the absence of
other adaptors, in accordance with a report implicating the
Crk-L—c-Cbl complex as a linker between BCR/ABL kinase
and p85 (44). Alternatively, the BCR/ABL-Crk-L-p85a asso-
ciation may be weak and thus not detectable in the pull-down
assay. In conclusion, BCR/ABL kinase forms a protein com-
plex network involving PI-3k and adaptor proteins. However,
due to the high level of complexity of the BCR/ABL-PI-3k
proteome (25), members of this complex essential for PI-3k
activation are yet to be described. Our studies suggest that
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Gab2, Shc, and c-Cbl but not Crk-L are required to transfer the
activation signal from BCR/ABL kinase to PI-3k and that
Gab2 is a key element in the interaction between cSH2 of p85a
and phospho-Y177 of BCR/ABL.

Association of the cSH2 domain with the BCR/ABL protein
complex seems more abundant than that of nSH2. This effect
may reflect differences in the abilities of SH2 domains to in-
teract directly with BCR/ABL (cSH2), Shc (cSH2), and c-Cbl
(nSH2 and cSH2) (19, 44). Thus, SH2 domains of p85a may
employ different mechanisms to interact with the BCR/ABL
kinase protein network.

Mutagenesis of the isolated domains revealed that associa-
tion of p85a with BCR/ABL was dependent on the SH2- and
SH3-mediated interactions with phosphotyrosine and proline-
rich motifs, respectively. Simultaneous mutations in the SH3,
nSH2, and cSH2 domains of full-length p85a (p85mut) were
required to disrupt the p85a-BCR/ABL kinase complex below
a detectable level. In addition, BCR/ABL-related FTKs also
did not form a detectable complex with p85mut, suggesting
that these FTKs may share similar mechanisms of interaction
with the p85a subunit and activation of p110 subunit catalytic
activity. However, different FTKs may have distinct transfor-
mation requirements as indicated by the ability of TEL/JAK2
to induce growth factor-independent myeloid colonies in the
absence of Gab2 (43), despite the requirement for PI-3k acti-
vation (37). Therefore, mechanisms of FTK-PI-3k interaction
and activation may not be universal.

In spite of losing its ability to interact with BCR/ABL and
other FTKs, p85mut retains the ability to form a complex with
the p110 catalytic subunit, probably because its iSH2 domain
remains intact (27). Therefore, it seems that p85mut may be
able to work as a DNM of PI-3k. Indeed, we found that ex-
pression of p85mut in BCR/ABL-transformed cells diminishes
the activation of PI-3k and Akt serine/threonine kinase, one of
the PI-3k downstream effectors playing an important role in
BCR/ABL leukemogenesis (48). In addition, p85mut inhibits
growth factor-independent proliferation of BCR/ABL cells in
vitro; however, addition of IL-3 restores the growth of leuke-
mia cells. This observation further verifies a selective and crit-
ical role of PI-3k in BCR/ABL-mediated, but not growth fac-
tor-dependent, signaling (32, 50). Moreover, expression of
p85mut inhibited BCR/ABL-dependent leukemogenesis in
SCID mice. This result is in agreement with previous findings
that abrogation of BCR/ABL-mediated growth factor indepen-
dence by mutations in BCR/ABL SH3 and SH2 domains or
expression of the DNMs of STATS and Akt is associated with
impaired leukemogenesis in mice (38, 39, 48). The partial
inhibitory effect exerted by p85mut could be due to redundancy
in the PI-3k protein family and/or relatively low expression of
the p85a mutant in some cells.

Altogether, this work confirms the BCR/ABL-p85 associa-
tion as a potential target for small molecules designed to dis-
assemble/prevent this interaction and stop malignant growth.
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