MOLECULAR AND CELLULAR BIOLOGY, Oct. 1999, p. 6918-6928
0270-7306/99/$04.00+0

Vol. 19, No. 10

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Ber-Abl with an SH3 Deletion Retains the Ability To Induce a

Myeloproliferative Disease in Mice, yet c-Abl Activated by
an SH3 Deletion Induces Only Lymphoid Malignancy

ALEC W. GROSS,' XIAOWU ZHANG,? anp RUIBAO REN'*

Rosenstiel Basic Medical Sciences Research Center, Department of Biology," and Department of Biochemistry,>
Brandeis University, Waltham, Massachusetts 02454-9110

Received 9 April 1999/Returned for modification 17 May 1999/Accepted 19 July 1999

The bcr-abl oncogene plays a critical role in the pathogenesis of chronic myelogenous leukemia (CML). The
fusion of Ber sequences to Abl constitutively activates the Abl protein tyrosine kinase. We have recently shown
that expression of Bcer-Abl in bone marrow cells by retroviral transduction efficiently induces in mice a
myeloproliferative disease resembling human CML and that Abl kinase activity is essential for Bcr-Abl to
induce a CML-like myeloproliferative disease. However, it is not known if activation of the Abl kinase alone is
sufficient to induce a myeloproliferative disease. In this study, we examined the role of the Abl SH3 domain of
Ber-Abl in induction of myeloproliferative disease and tested whether c-Abl activated by SH3 deletion can
induce a CML-like disease. We found that Ber-Abl with an Abl SH3 deletion still induced a CML-like disease
in mice. In contrast, c-Abl activated by SH3 deletion induced only lymphoid malignancies in mice and did not
stimulate the growth of myeloid colonies from 5-fluorouracil-treated bone marrow cells in vitro. These results
indicate that Ber sequences in Ber-Abl play additional roles in inducing myeloproliferative disease beyond
simply activating the Abl kinase domain and that functions of the Abl SH3 domain are either not required or
redundant in Ber-Abl-induced myeloproliferative disease. The results also suggest that the type of hemato-
logical neoplasm induced by an abl oncogene is influenced not only by what type of hematopoietic cells the
oncogene is targeted into but also by the intrinsic oncogenic properties of the particular abl oncogene. In
addition, we found that ASH3 c-Abl induced less activation of Akt and STATS5 than did Ber-Abl, suggesting that

activation of these pathways plays a critical role in inducing a CML-like disease.

The bcr-abl oncogene is produced when breakpoint cluster
region gene (c-bcr) sequences on chromosome 22 are fused to
c-abl sequences on chromosome 9 by a reciprocal translocation
(reviewed in reference 46). It is found in 95% of the patients
with chronic myelogenous leukemia (CML) and also in 20% of
the adult patients and 2 to 5% of the pediatric patients with
acute lymphoblastic leukemia (ALL) (reviewed in reference
32). Different kinds of bcr-abl oncogenes are found in leukemia
patients, depending on the nature of the translocation and
exactly how the bcr and abl sequences become spliced into a
final ber-abl mRNA. Often major ber exons b2 and b3 become
fused to abl exon 2 (a2) to produce Ber-Abl/p210 (b2a2) and
Ber-Abl/p210 (b3a2), which contain, respectively, the first 902
and 927 amino acids of Ber as well as all of c-Abl except for
sequences from the first variable exon. Another common fu-
sion combines minor bcr exon 1 with a2 to produce Ber-Abl/
p185 (ela2), which contains the first 426 amino acids of Ber
and c-Abl lacking exon 1 sequences. Less frequently, fusions of
other ber and abl exons have been found in leukemia patients
(32). Ber-Abl/p210 is primarily associated with CML and is
infrequently associated with ALL, while Bcr-Abl/p185 is usu-
ally associated with ALL and is rarely associated with CML.

The Ber-Abl fusion proteins display an elevated Abl kinase
activity. There is a wealth of published data that has revealed
that many signaling pathways and cellular functions can be
affected by Bcer-Abl and has defined the functional domains
and properties of Ber-Abl (reviewed in reference 40). Most of
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these data were obtained from experiments in in vitro systems
or from studies of the properties of cells derived from leuke-
mia patients at particular stages of disease. However, develop-
ment of leukemia in vivo is a complex process, which involves
both the effects of Ber-Abl within its target cells and interac-
tions of Ber-Abl target cells with the rest of the in vivo envi-
ronment. Although in vitro assays reveal the oncogenic poten-
tial of Ber-Abl, they do not address the complex process of the
pathogenesis of CML. Moreover, even in in vitro assays, it has
been shown that the role of the functional properties of Ber-
Abl in transformation of cell lines can be dependent on the
context of the assay system (7, 13). Therefore it remains un-
clear what roles are played in leukemogenesis in vivo by spe-
cific domains and properties of Ber-Abl and by the pathways
and cellular functions affected by Ber-Abl.

A recently developed effective mouse model for CML (34,
54) provides an in vivo experimental system that allows direct
comparison of the disease phenotypes that result from differ-
ent abl oncogenes or from specifically mutated versions of
bcr-abl. By providing information about disease latency and the
phenotypes of the malignant cells that arise, the in vivo mouse
model of CML provides a detailed picture of the end result of
a complex disease process. It has been shown in many systems,
and also in the mouse model of CML, that Abl kinase activity
is essential for Ber-Abl to transform cells and cause disease
(54). However, it is still not known if an activated Abl kinase,
when targeted into the correct hematopoietic cells, is sufficient
to induce a myeloproliferative disease. In this study we tested
whether an Abl kinase activated by deletion of the Abl SH3
domain, ASH3 c-Abl (12, 23), can induce a CML-like disease
in the present CML model.

The Abl SH3 domain has been shown to bind to a number
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of proteins, including 3BP-1, 3BP-2, Abi-1, Abi-2, AAP-1, Ena,
SHPTP-1, PAG, and Rinl (1, 52; reviewed in reference 40).
Thus, the Abl SH3 domain may play a positive role in cellular
transformation and leukemogenesis, in the context of Ber-Abl,
through its binding proteins (1). To test this possibility, we
compared the diseases induced in the CML model by Ber-Abl/
p210 (b3a2) and Ber-Abl/p210 (b3a3). Ber-Abl/p210 lacking
abl exon 2 sequences [Ber-Abl/p210 (b3a3)] has been reported
to occur as a rare variant in a few CML patients and ALL
patients (32, 38). The deletion of abl exon 2 sequences in
Ber-Abl/p210 (b3a3) results in deletion of abl common exon
sequences and of an essential part (the first beta strand and RT
loop) of the Abl SH3 domain (see Fig. 1A) (15, 33). Here we
demonstrate that Ber-Abl/p210 (b3a3) induced a myeloprolif-
erative disease in mice similar to the disease induced by Ber-
Abl/p210 (b3a2). However, we found that ASH3 c-Abl induced
only lymphoid malignancy with a long latency in mice and did
not stimulate the growth of myeloid colonies from 5-fluoro-
uracil (5-FU)-treated bone marrow (BM) cells in vitro. These
results indicate that the SH3 domain in Ber-Abl is not essential
for induction of a CML-like disease and that an activated Abl
kinase alone is not sufficient to induce a CML-like disease in
mice. We also found that the ability of ASH3 c-Abl to induce
the phosphorylation of Akt in tumor cells, and to induce phos-
phorylation of STATS in some tumor cells and in NIH 3T3
cells, was significantly weaker than that of Ber-Abl.

MATERIALS AND METHODS

DNA constructs. To create a bcr-abl/p210 (b3a3) cDNA, sequences corre-
sponding to abl exon 2 were deleted from the ber-abl/p210 (b3a2) cDNA (9) by
using the b3a2 cDNA as the template with a PCR-based strategy (19). First, two
DNA fragments with an overlapping sequence were amplified by using 5" primer
A (5'-GAG AAG AGG GCG AAC AAG GGC AG-3') and 3’ primer B (5'-
GAG CTT TTC ACT TGA ACT CTG CTT AAA TC-3') for fragment 1 and by
using 5" primer C (5'-CAG AGT TCA AGT GAA AAG CTC CGG GTC-3")
and 3’ primer D (5'-CGG AAT TCA TGA GAT ACT GGA TTC CTG GAA
C-3’) for fragment 2. Then, these two overlapping fragments were purified by the
QIAquick PCR Purification kit (Qiagen Inc., Chatsworth, Calif.) and were used
together as the template in a PCR with 5’ primer A and 3’ primer D. Unique
Bsml and Asp718 enzyme sites were used to combine the resulting b3a3 fragment
with the rest of the ber-abl/p210 cDNA and thus make a full-length ber-abl/p210
(b3a3) cDNA. The portion of the ber-abljp210 (b3a3) cDNA that was produced
by PCR amplification was verified to be correct by sequencing.

Construction of the retroviral vectors MSCV-IRES-gfp and MSCV-bcr-abl/
p210 (b3a2)-IRES-gfp was previously described by Zhang and Ren (54). The
ber-ablfp210 (b3a3) cDNA described above and the ASH3 c-abl IV cDNA (also
called AXB [23]) were cloned into the EcoRI site of MSCV-IRES-gfp to create
MSCV-bcr-ablfp210 (b3a3)-IRES-gfp and MSCV-ASH3 c-abl-IRES-gfp, respec-
tively (see Fig. 1A).

Retroviruses. Retroviruses were produced by transfecting Bosc23 cells with
retroviral vectors and tested on NIH 3T3 cells essentially as described previously
(35). Bosc23 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal calf serum (FCS), 100 U of penicillin/ml, and 100 wg of strepto-
mycin (Gibco BRL, Grand Island, N.Y.) per ml. Two days after transfection, the
culture supernatant containing the retroviruses was collected and used to infect
BM cells for the CML model and to infect NIH 3T3 cells for determination of
a relative viral titer. NIH 3T3 cells were grown in DMEM with 10% donor calf
serum (Gibco BRL), 100 U of penicillin/ml, and 100 pg of streptomycin/ml. For
titering, 10° NIH 3T3 cells were plated in 60-mm-diameter plates and infected
the next day with 0.05 to 1 ml of viral culture supernatant for 4 h in a total volume
made up to 2 ml with medium plus 8-pg/ml polybrene (Sigma, St. Louis, Mo.).
Two days after infection, NIH 3T3 cells were tested for expression of green
fluorescent protein (GFP) by flow cytometry and the relative virus titer was
measured by calculating the percentage GFP-positive NIH 3T3 cells. The
amount of viral culture supernatant used to infect NIH 3T3 cells was directly
proportional to the percent GFP-positive cells in a range where up to 50% of the
cells were GFP positive.

BM infection, transplantation, and in vitro soft agar colony assays. As pre-
viously described (34, 54), BM cells from 5-FU-treated male donor BALB/cByJ
mice (The Jackson Laboratory, Bar Harbor, Maine) were infected for 2 days in
a mixture containing DMEM, 15% FCS, 5% conditioned medium of WEHI-3B
cells, 30% viral culture supernatant, 3 pg of polybrene (Sigma) per ml, 2 mM
L-glutamine (Gibco BRL), 100 wg of streptomycin/ml, 100 U of penicillin/ml,
0.25 pg of amphotericin B (Gibco BRL) per ml, 7 ng of interleukin (IL-3) (R&D
Systems, Inc., Minneapolis, Minn.) per ml, 12 ng of IL-6 (R&D Systems, Inc.) per
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ml, and 56 ng of stem cell factor (R&D Systems, Inc.) per ml. After 1 day of
infection the cells were collected, and the cells were infected for a second day in
a freshly made retrovirus cocktail as described above. Then infected BM cells
were washed and resuspended in phosphate-buffered saline (PBS) (Gibco BRL),
and 4 X 10° BM cells were injected into the tail vein of each lethally irradiated
(two times with 450 rads each time; 4 h between doses) female recipient BALB/
cByJ mouse.

In vitro soft agar colony assays were performed as described previously (44),
with modifications. In soft agar assay 1 (see Table 2), cells from the same
common pool of 5-FU-treated BM cells as used for ASH3 c-Abl in vivo exper-
iment 2 (see Fig. 4) were infected with ber-abl/p210 (b3a2), ber-abl/p210 (b3a3),
or ASH3 c-abl viruses and then plated in soft agar. The titer of ASH3 c-abl virus
was twice that of each of the bcr-abl/p210 viruses, while the titers of b3a2 and
b3a3 viruses were equal. In soft agar assay 2 (see Table 2), viral culture super-
natants were held at 4°C while samples of each were titered as described under
“Retroviruses.” Viruses were normalized to give equivalent titers and used to
infect 5-FU-treated BM cells by the 2-day infection protocol described above,
and the infected cells were then plated in soft agar. For soft agar plating, infected
BM cells were plated in 35-mm-diameter wells in DMEM, 20% FCS, 100 pg of
streptomycin/ml, 100 U of penicillin/ml, 0.25 pg of amphotericin B/ml, 50 pM
2-mercaptoethanol (Sigma), and 0.3% Bacto-agar, on top of a layer of medium
containing 0.6% Bacto-agar. Colonies were counted after 10 days. Because no
colonies formed in the ASH3 c-Abl plates, the plates were incubated for 2
additional weeks.

Transformation of cell lines in vitro. 32D cells (2 X 10°) were infected with
titer-matched viruses in a total volume of 2 ml of DMEM-10% FCS-10%
conditioned medium of WEHI-3B cells—8-g/ml polybrene for 8 h. After infec-
tion, the cells were collected and resuspended in 10 ml of DMEM-10% FCS-
10% conditioned medium of WEHI-3B cells. Two days after infection, the cells
were collected, washed, and resuspended in 50 ml of DMEM-10% FCS without
any source of IL-3. Factor-independent populations were considered to be es-
tablished when the medium began to be acidified, the cell concentration ranged
from 1 X 10%ml to 2 X 10%ml, and flow cytometry showed that a majority of the
cells were GFP positive and excluded propidium iodide.

Transformation of NIH 3T3 cells was quantified by formation on soft agar of
NIH 3T3 cell colonies in the same 0.3% agar medium as used for soft agar BM
cell colony assays, without 2-mercaptoethanol. Identical plates of NIH 3T3 cells
were infected as described under “Retroviruses,” and 2 days later the percent of
initially infected cells was determined by measuring the percentage GFP-positive
cells in duplicate infection plates. Dilutions of infected cells were plated in
triplicate in soft agar, to give 10 to 10° cells per well. The number of colonies
formed per 10* GFP-positive cells plated was calculated. To observe the mor-
phological transformation of NIH 3T3 cells in foci, infected plates of cells were
allowed to become confluent and the media were changed every 3 days. Foci
formed 7 to 10 days after infection.

Analysis of disease phenotype in mice. Beginning 2 weeks after BM transplan-
tation (BMT), mice were monitored by measurement of peripheral blood leu-
kocyte (WBC) counts and staining of blood smears with Hema 3 (Fisher Scien-
tific, Pittsburgh, Pa.). When the peripheral WBC counts became elevated,
immunophenotype and GFP expression were measured by flow cytometry. For
the ASH3 c-Abl mice, which did not develop highly elevated peripheral WBC
counts, randomly selected mice were checked for the presence of GFP-positive
peripheral blood cells by flow cytometry. After death or sacrifice due to mori-
bund condition, the mice were examined for tumors or internal abnormalities
and samples of tumors and tissues were removed.

Statistical analysis of survival curve data was performed with Survival Tools for
StatView 4.5 (Abacus Concepts, Inc., Berkeley, Calif.) by using the Kaplan-
Meier survival analysis and Mantel-Cox (log-rank) test functions.

Flow cytometry. Standard protocols for antibody staining of cell surface pro-
teins were as described in reference 6. Cells were treated with ACK (150 mM
NH,CI, 1 mM KHCO3;, 0.1 mM Na,EDTA [pH 7.3]) to lyse red blood cells,
resuspended in staining buffer (Hanks’ balanced salt solution, 5% fetal bovine
serum, 0.1% sodium azide), and blocked with anti-mouse CD16-CD32 (2.4G2;
Pharmingen, San Diego, Calif.). The following antibody reagents (all from
Pharmingen; antibody clone numbers are given in parentheses) were used: phy-
coerythrin-conjugated Mac-1 (M1/70), Thy-1.2 (53-2.1), B220 (RA3-6B2), Ter-
119, CD4 (H129.19), and heat-stable antigen (M1/69); biotin-conjugated CD8a
(53-6.7), CD43 (S7), BP-1 (6C3/BP-1 ag), and immunoglobulin M (IgM) (R6-
60.2), streptavidin-Cy-Chrome, and streptavidin-allophycocyanin. Flow cytom-
etry measurements were made on a FACSCalibur machine, and data were
analyzed with CellQuest software (Becton Dickinson, San Jose, Calif.).

Cell lysates and immunoblotting. Peripheral blood, pleural effusion, spleen,
and thymus cells were treated with ACK to lyse erythrocytes, washed with PBS,
and resuspended in PBS at a concentration of 20 X 10° cells/ml. Total cell lysates
were prepared by adding an equal volume of 2X Laemmli sample buffer to each
cell suspension, heating at 100°C for 10 min, and pelleting debris by centrifuga-
tion. Equal volumes of these lysates were run on 6 to 15% polyacrylamide
gradient gels and transferred to nitrocellulose filters (Schleicher and Schuell,
Keene, N.H.).

Before lysates from transiently infected NIH 3T3 cells were made, viral culture
supernatants were held at 4°C while samples of each were titered as described
under “Retroviruses.” Viruses were normalized to give equivalent titers, and
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several 60-mm-diameter plates of NIH 3T3 cells were infected with each type of
virus, as described under “Retroviruses.” Two days later the percentage GFP-
positive cells in plates infected with each type of virus was measured. At the same
time, cells from triplicate plates for each type of virus were combined and washed
in PBS containing 1 mM sodium orthovanadate and 10 mM sodium fluoride. The
cells were resuspended and held for 15 min at 4°C in lysis buffer (1% Triton
X-100, 50 mM HEPES [pH 7.4], 150 mM NaCl, 10% glycerol, 1 mM EGTA, 1.5
mM MgCl,, 1 mM dithiothreitol, 1 mM sodium orthovanadate, 10 mM sodium
fluoride, 1X Complete Protease Inhibitor Cocktail ([Boehringer Mannheim,
Indianapolis, Ind.]) and then centrifuged to remove debris. Total protein con-
centrations were measured with Coomassie Protein Assay Reagent (Pierce,
Rockford, Il1.). Equal amounts of total proteins of all lysates were run on 6 to
15% polyacrylamide gradient gels and transferred to nitrocellulose filters.

Protein blots were probed with the following primary antibodies: anti-Abl
(Ab-3; Oncogene Research Products, Cambridge, Mass.); antiphosphotyrosine
(PY20; prepared in our lab); antiactin (AC-40; Sigma); anti-Akt, anti-phospho-
Akt (Serd73), anti-p44/42 mitogen-activated protein (MAP) kinases (Erkl and
Erk2), and anti-phospho-p44/42 (Thr202/Tyr204) MAP kinases (Erk1 and Erk2;
New England Biolabs, Beverly, Mass.); anti-phospho-STAT5A/B (Y694/Y699)
(8-5-2; Upstate Biotechnology, Lake Placid, N.Y.); and anti-STATS (G-2), anti-
JNK2 (D-2), and anti-phospho-JNK (G-7; Santa Cruz Biotechnology, Inc., Santa
Cruz, Calif.). The secondary antibodies used were horseradish peroxidase-la-
beled goat anti-mouse IgG or goat anti-rabbit IgG (Southern Biotechnology
Associates, Inc., Birmingham, Ala.). Blots were probed with a phospho-specific
antibody, stripped according to the instructions of the manufacturer (Amersham,
Arlington Heights, IIl.), and reprobed with the corresponding non-phospho-
specific antibody. Identical blots were probed in parallel, so each blot was
stripped and reprobed only one time.

RESULTS

Bcer-Abl/p210 with a deletion in the Abl SH3 domain induces
a CML-like myeloproliferative disease in mice. To compare
the expression levels of Ber-Abl/p210 (b3a2) and Ber-Abl/p210
(b3a3) proteins in a single type of cell with minimal opportu-
nity for selection to occur, we measured the amounts of Ber-
Abl proteins in NIH 3T3 cells 2 days after they were infected
with titer-matched viruses (Fig. 1). Ber-Abl/p210 (b3a2) and
Ber-Abl/p210 (b3a3) proteins were expressed to the same level.
There was no major difference in the patterns of tyrosine-
phophorylated protein bands for lysates from cells expressing
either Ber-Abl/p210 (b3a2) or Ber-Abl/p210 (b3a3).

To make a direct comparison of bcr-abl/p210 (b3a2) and
ber-abl/p210 (b3a3) in vivo, a common pool of BM cells was
collected from 5-FU-treated donor mice and infected with
titer-matched bcr-abl/p210 (b3a2) or ber-abl/p210 (b3a3) retro-
viruses (Fig. 1A). For each kind of virus, infected BM cells
were injected into 15 irradiated recipient mice. To compare the
speed of disease development, 11 randomly chosen mice from
each group were monitored by evaluating peripheral blood
counts and smears. Both groups of mice developed peripheral
blood WBC counts of >200,000/wl (WBCs were seen on blood
smears to be mostly granulocytes) and died within 4 weeks
(Fig. 2). Mice in both groups had hepatomegaly, splenomegaly,
and pulmonary hemorrhages. These are the same as the gen-
eral features previously described for the Ber-Abl-induced
CML-like myeloproliferative disease in the mouse model of
CML (34, 54). There was a small, but consistent, increase in
survival time following BMT for mice receiving ber-abl/p210
(b3a3) (Fig. 2) (Mantel-Cox [log-rank] test, x> = 4.692, P <
0.030). This increased survival paralleled a delay of the in-
crease in peripheral blood WBC counts in the bcr-abl/p210
(b3a3) mice as compared to the increase in the bcr-abl/p210
(b3a2) mice (data not shown). Analysis of the four remaining
mice from each group included immunophenotyping of periph-
eral blood cells by flow cytometry. For comparison, it can be
seen that mice that received GFP vector-infected BM cells to
rescue them from lethal irradiation remained healthy, with
normal peripheral blood WBC counts, and that GFP-positive
cells were present as a proportional fraction of the normal
blood cell types (Fig. 3, mouse 15.65). In contrast, mice in both
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FIG. 1. (A) Abl oncogenes transduced by retrovirus infection. cDNAs car-
rying ber-abl (b3a2), ber-abl (b3a3), and ASH3 c-abl were ligated into the EcoRI
site of the retroviral vector MSCV-IRES-gfp. Retroviral vectors were transfected
into the packaging cell line Bosc23, to create viral stocks. The hatched region of
ASH3 c-abl encodes the amino-terminal sequence of c-Abl type IV. MCSV,
murine stem cell virus vector; IRES, internal ribosome entry site; LTR, long
terminal repeat. (B) Transient expression of Abl oncoproteins in NIH 3T3 cells.
Viral stocks produced from Bosc23 cells with the GFP vector (MSCV-IRES-gfp)
or GFP vector containing the indicated abl oncogene were normalized to equiv-
alent titers and used to infect NIH 3T3 cells. Two days after infection, cell lysates
were prepared, run on 6 to 15% polyacrylamide gradient gels, transferred to
nitrocellulose filters, and probed with anti-Abl (Ab-3), antiphosphotyrosine
(PY20), or antiactin (AC-40) antibodies, as indicated. WB, Western blot.

the Ber-Abl/p210 (b3a2) and Ber-Abl/p210 (b3a3) BMT
groups were seen to have elevated peripheral WBC counts due
to massive expansion of the numbers of Mac-1-positive (my-
eloid) cells, with the counts of both GFP-positive and -negative
cells expanded, as previously described (Fig. 3, mice 7.28 and



VoL. 19, 1999

1 ° bcr—e%b1/ (b3a2)
] n=

m o ber-abl (b3a3)
§ .8 7 n=11
5 |
o 67
2 .
S 4
S i [
S
O 21

0 —

0 5 10 15 20 25
Days After BMT

FIG. 2. Survival of mice after receiving BMT of either bcr-abl (b3a2) or
ber-abl (b3a3) virus-infected cells. Curves were generated by Kaplan-Meier sur-
vival analysis. A Mantel-Cox (log-rank) test of these two survival curves yielded
x> = 4.692, P = 0.030.

7.14) (54). No difference between the peripheral blood profiles
of diseased mice in the Ber-Abl/p210 (b3a2) and Ber-Abl/p210
(b3a3) groups was revealed by flow cytometry (Fig. 3).

ASH3 c-Abl induces lymphoid malignancy with pleural ef-
fusion in mice. Since the Abl SH3 domain was shown not to be
essential in the context of Ber-Abl/p210 for induction of my-
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eloproliferative disease in the CML model, we tested what
kind of disease, if any, can be induced by a c-Abl kinase
activated by an SH3 deletion (ASH3 c-Abl, Fig. 1A). It has
been shown that c-Abl with a deleted SH3 domain, without the
addition of sequences from any other genes, has an activated
Abl kinase domain, and can transform fibroblast and hemato-
poietic cell lines as well as primary lymphoid cells from normal
BM (12, 23). Therefore, by comparing ASH3 c-Abl to Ber-Abl/
p210 (b3a2) and Bcer-Abl/p210 (b3a3) in the mouse CML
model, we can assess if Ber sequences play additional roles in
Ber-Abl-induced myeloproliferative disease beyond simply ac-
tivating the Abl tyrosine kinase domain.

The protein expression level of ASH3 c-Abl from our retro-
viral vector construct was compared to the protein expression
levels of our Ber-Abl/p210 (b3a2) and Ber-Abl/p210 (b3a3)
constructs in NIH 3T3 cells, 2 days after the cells were infected
with titer-matched viruses (Fig. 1). While Ber-Abl/p210 (b3a2)
and Ber-Abl/p210 (b3a3) proteins were expressed to about the
same level, ASH3 c-Abl protein was expressed to a much
higher level. There were no major differences in the patterns of
tyrosine-phosphorylated protein bands for lysates from cells
expressing any of these three Abl oncoproteins. Consistent
with the higher level of expression of ASH3 c-Abl, there was an
increased overall amount of tyrosine-phosphorylated proteins
in the ASH3 c-Abl lysate compared to those in the Ber-Abl/
p210 lysates.

When ASH3 c-Abl was tested in the murine CML model, a
striking difference between the diseases induced by ASH3 c-
Abl and Ber-Abl quickly became apparent. Compared to Ber-
Abl, ASH3 c-Abl induced in mice disease with a greatly ex-
tended latency and a greatly decreased efficiency (Fig. 4 and
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FIG. 3. Immunophenotypes of peripheral blood from representative Ber-Abl (b3a2) and Ber-Abl (b3a3) mice with CML-like myeloproliferative disease and from
a healthy GFP vector mouse. Peripheral blood samples were stained with the indicated antibodies and analyzed by flow cytometry for expression of cell surface markers

and GFP.
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FIG. 4. Survival of mice after receiving BMT of either bcr-abl (b3a2) or
ASH3 c-abl virus-infected cells. Data from two independent experiments with
ASH3 c-abl are presented separately. ASH3 c-abl 1 and bcr-abl (b3a2) mice
received BMT at the same time, with cells for retrovirus infection coming from
a common pool of donor BM cells. In a second experiment, cells from a common
pool of donor BM cells were used for ASH3 c-abl 2 BMT and also for in vitro soft
agar colony assay 1 (Table 2).

Table 1). When mice received Ber-Abl/p210 BMT, 100% of
them succumbed to a fatal myeloproliferative disease in 3 to 4
weeks. However, in ASH3 c-Abl mice, disease usually devel-
oped after more than 3 months (Fig. 4 and Table 1). Further-
more, only 4 of 7 mice in ASH3 c-Abl experiment 1 developed
disease within 22 weeks after BMT, and 10 of 16 mice in ASH3
c-Abl experiment 2 developed disease within 18 weeks after
BMT (Fig. 4 and Table 1). It should be noted that in these
experiments the ASH3 c-abl viral titers were actually twice
those of the bcer-abl/p210 viruses.

MoL. CELL. BIOL.

Unlike the Ber-Abl BMT mice, most ASH3 ¢c-Abl BMT mice
did not develop elevated peripheral WBC counts. Therefore,
disease was first detected by observation of the symptoms of
cachexia, abnormal gait, and labored breathing. Pleural effu-
sion, the likely cause of death, and lung involvement were
found in 12 of the 14 ASH3 c-Abl mice that developed disease
and are described in detail below. The marked hepatomegaly
and splenomegaly seen in Ber-Abl BMT mice were not seen in
ASH3 c-Abl BMT mice. Detailed analysis revealed that among
the 14 ASH3 c-Abl mice that developed disease, 8 developed
thymic lymphoma and pleural effusion (Table 1). As shown in
Fig. 5, in each mouse a large number of GFP-positive, Thy-
1.2-positive cells were present in the greatly enlarged thymus
as well as in the pleural effusion. Further analysis showed that
in some mice the GFP-positive tumor cells were all CD4™
CD8™ cells, while in other mice there was a mixed population
of CD4" CD8" cells and CD4* CD8™ cells (Fig. 5 and Table
1). It should be noted that in the latter case among the GFP-
positive CD4* CD8™ cells, there was a range from low to high
level of expression of CDS8 rather than a single distinct level of
CDS8 (Fig. 5, mouse 6.22). This could reflect tumor cells at
different stages of T-cell development. Thymus cells from mice
in the GFP vector BMT group were mostly CD4* CD8* cells,
with smaller populations of doubly negative and singly positive
cells present and CD4 and CDS8 expression occurring at dis-
tinct levels (Fig. 5, mouse 7.4).

The second major disease phenotype seen in ASH3 c-Abl
mice was distinguished by the lack of thymic involvement (Ta-
ble 1). In these six mice the tumor cells were of the B-lymphoid
lineage (Fig. 6). All but two of these mice also had pleural
effusion and lung involvement (Table 1). The two mice without
pleural effusion (mice 6.28 and 6.31) developed rear leg paral-
ysis and elevated peripheral WBC counts (55,000/ul and
97,000/, respectively) and were not found to have lung hem-
orrhages or visible tumors. The peripheral blood of these two
mice contained more than 50% GFP-positive B-lymphoblastic
cells (Fig. 6). In Fig. 6 examples of flow cytometry data from

TABLE 1. Features of disease in ASH3 c-Abl BMT and Bcr-Abl BMT mice

Thymic lymphoma®

Phenotype of GFP* cells?

Mouse Latency” Pleural effusion”
(no. of days)

7.28 [Ber-Abl (b3a2)] 17 No

7.14 [Ber-Abl (b3a3)] 17 No

ASH3 c-Abl
6.27 48 Yes
6.16 72 Yes
6.30 72 Yes
6.25 78 Yes
5.2 95 Yes®
6.22 95 Yes®
6.23 98 Yes
6.20 99 Yes
6.31 99 No
6.28 103 No
54 106 Yes
6.21 106 Yes
5.3 108 Yes
5.6 108 Yes

No Mac-1*

No Mac-1*

No B220*

No ND

Yes ND

No B220*

Yes ND

Yes 15% Thy-1.2"/CD4*/CD8", 85% Thy-1.2*/CD4"/CD8~
No ND

Yes Thy-1.2%/CD4*/CD8*

No B220*/CD43*/HSA*/BP-1*/sIgM ™~

No B220*/CD43*/HSA*/BP-1"/sIgM ~

Yes Thy-1.2*/CD4*/CD8*

Yes ND

Yes Thy-1.2*/CD4*/CD8*

Yes 60% Thy-1.2*/CD4*/CD8", 40% Thy-1.2"/CD4*/CD8~

¢ Latency is the time after BMT for mice to die or become moribund.

® Pleural effusion is 0.5 to 1 ml of unclotted, bloody fluid in the chest cavity, containing erythrocytes and many GFP-positive (GFP*) lymphoblastic cells.
¢ Thymic lymphoma was diagnosed by the presence of a greatly enlarged thymus (0.3 to 0.6 g).
@ Phenotypes of GFP™ cells were determined by flow cytometry. ND, not determined.

¢ Pleural effusion appeared less bloody, with fewer erythrocytes and WBCs.

/Developed rear leg paralysis and elevated peripheral WBCs with >50% GFP* lymphoblastic cells. No tumors, pleural effusion, or lung hemorrhages were seen.
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FIG. 5. Immunophenotypes of cells from two ASH3 c-Abl mice with thymic
the indicated antibodies and analyzed by flow cytometry for expression of cell surf:
were also analyzed.

diseased ASH3 c-Abl mice without thymic involvement with
(mouse 6.27) or without (mouse 6.28) pleural effusion are
shown. Mouse 6.27 had a large number of B220-positive, GFP-
positive cells in the pleural effusion, while mouse 6.28 had
B220-positive, GFP-positive cells in peripheral blood and
spleen. Further immunophenotypic analysis was performed on
mouse 6.28 and mouse 6.31 to determine the developmental
stage of the B-lymphoblastic cells (Table 1). The GFP-positive
cells were shown to be in the early B-cell developmental stage
previously designated fraction C (Fig. 6) (these cells are pos-
itive for B220, CD43, HSA, and BP-1 and negative for sIgM)
(16). Consistent with this developmental stage, the GFP-posi-
tive cells in ASH3 mice with B-lymphoid disease were B220'"
(Fig. 6). By contrast, the GFP-positive spleen cells from GFP
vector BMT mice paralleled the normal GFP ™ cells. In partic-
ular, note that many, but not all, GFP-positive spleen cells
were B220™e" and had surface IgM expression, while there was
no significant BP-1-positive population (Fig. 6, mouse 7.4).
This is characteristic of the more mature B cells that are
normally found outside of the BM in nonleukemic mice.

As mentioned above, 12 of the 14 diseased ASH3 c-Abl mice
had pleural effusion (Table 1). The pleural effusion in these
mice was usually 0.5 to 1 ml of unclotted, bloody fluid filling the
chest cavity and containing erythrocytes and a high concentra-
tion of GFP-positive lymphoblastic cells. The lungs of these
mice did appear to have some hemorrhages and when tested by
flow cytometry were found to contain a large number of GFP-
positive lymphoblastic cells (data not shown). However, this
phenotype was very different from the pulmonary hemorrhages
seen in Ber-Abl/p210 mice (34, 54). In Ber-Abl/p210 mice the

lymphoma and pleural effusion. Thymus and pleural effusion cells were stained with
ace markers and GFP. For comparison, thymus cells from a healthy GFP vector mouse

lungs contained many blood clots that appeared to be evidence
of extensive bleeding followed by clotting, but the hemorrhages
and blood were contained within the lungs. In contrast, the
pleural effusion in ASH3 c-Abl mice was outside of the lungs,
filling the chest cavity, and the clotting within the lungs was not
as extensive, nor was there clotting of the pleural effusion itself.

ASHS3 c-Abl does not stimulate the growth of myeloid colo-
nies in vitro. The lack of any myeloid disease in ASH3 c-Abl
mice could result if the Abl kinase activated by SH3 deletion,
in the absence of additional sequences from other genes, is
unable to transform myeloid lineage cells, but can still trans-
form lymphoid cells. Alternatively, the end result we saw, i.e.,
purely lymphoid disease, could be caused by an in vivo selec-
tion process that favors the expansion of ASH3 c-Abl infected
lymphoid cells over the expansion of ASH3 c-Abl infected
myeloid cells. In this case there should not be any intrinsic
defect in the ability of ASH3 c-Abl to transform myeloid lin-
eage cells.

To test if ASH3 c-Abl has an intrinsic deficiency in trans-
forming myeloid lineage cells, we performed an in vitro soft
agar colony assay (Table 2). Under the conditions used in this
experiment the growth of myeloid, but not lymphoid, cell col-
onies was stimulated by Ber-Abl (data not shown). Both kinds
of Ber-Abl/p210 induced equivalent numbers of myeloid cell
colonies (Table 2). However, no colonies at all were seen to
grow from the ASH3 c-Abl-infected cells, even though the
ASH3 c-Abl plates were allowed to incubate long after the
myeloid cell colonies were visible in the other plates.

Although our ASH3 c-Abl retroviral construct did not in-
duce myeloid cell colonies to grow from 5-FU-treated BM cells
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FIG. 6. Immunophenotypes of cells from two diseased ASH3 c-Abl mice without thymic involvement. Mouse 6.27 had pleural effusion, while mouse 6.28 had hind
limb paralysis and no pleural effusion. Pleural effusion, peripheral blood, and spleen cells were stained with the indicated antibodies and analyzed by flow cytometry
for expression of cell surface markers and GFP. For comparison, spleen cells from a healthy GFP vector mouse were also analyzed.

in vitro, it does have transforming activity in fibroblast and
hematopoietic cell lines. When equal numbers of 32D cells
were infected with titer-matched retroviruses, factor-indepen-
dent GFP-positive cell populations grew to a high density 7
days after infection with the Ber-Abl/p210 (b3a2) and Ber-Abl/
p210 (b3a3) viruses and 14 days after infection with the ASH3
c-Abl virus. In addition, we compared the transforming poten-
tials of ASH3 c-Abl and Bcr-Abl in NIH 3T3 cells. Earlier,
Ber-Abl was found not to transform NIH 3T3 cells (8). Later it
was found that there are sublines of NIH 3T3 cells that are
permissive and nonpermissive for transformation by abl onco-
genes (41, 42). Our subline of NIH 3T3 cells was originally
isolated from a pool of NIH 3T3 cells by M. Kamps in D.
Baltimore’s laboratory and was found to be highly susceptible
to Ber-Abl transformation (unpublished results). Using this
cell line we found (i) that ASH3 c-Abl induced foci of cells with
morphological changes similar to those seen in v-Abl foci and

TABLE 2. Growth in soft agar of colonies from infected
5-FU-treated BM cells”

No. of colonies/10° infected cells

Type of abl oncogene in retrovirus (avg = SD) in soft agar assay

1 2
ber-abl (b3a2) 222+ 2.6 373 x93
ber-abl (b3a3) 264 =49 26.0 = 2.0
ASH3 c-abl <0.2 <0.3

“ Infected 5-FU-treated BM cells (10°) were plated per well in soft agar, at five
wells for each type of virus-infected cells in assay 1 and three wells for each type
in assay 2. Colonies showed morphologies typical of myeloid lineage. The lowest
possible number was 0.2 in assay 1 and 0.3 in assay 2; < the lowest possible
number means that no colonies were seen.

more drastic than the morphological changes seen in Ber-Abl/
p210 induced foci; and (ii) that ASH3 c-Abl, Ber-Abl (b3a2),
and Ber-Abl (b3a3) induced 35 = 6, 197 = 69, and 159 = 76
NIH 3T3 cell colonies/10* infected cells (average = standard
deviation) in soft agar.

Expression of Bcer-Abl/p210 (b3a2), Ber-Abl/p210 (b3a3),
and ASH3 c-Abl, total tyrosine phosphorylation profiles, and
activation of important signaling pathways in tumor cells. The
protein expression levels of Ber-Abl/p210 (b3a2), Ber-Abl/p210
(b3a3), and ASH3 c-Abl, total tyrosine phosphorylation pro-
files, and activation status of important signaling pathways
were measured by Western blotting of lysates of tumor cells
from diseased mice. It is important to note that for some of
these comparisons protein expression was measured in differ-
ent types of cells, since mice with different disease phenotypes
have expanded different kinds of tumor cells. In these blots
(Fig. 7A and B), K562 cell line lysate was included as a positive
control and lysate of spleen cells from GFP vector BMT mouse
7.3 was included as a negative control. Lysates of peripheral
blood cells from two of the Ber-Abl/p210 (b3a2) mice (mouse
7.26 and mouse 7.27) and from two of the Ber-Abl/p210 (b3a3)
mice (mouse 7.11 and mouse 7.12) that had developed a CML-
like myeloproliferative disease were probed. Greater than 90%
of the cells in these peripheral blood samples were myeloid
cells, and more than half of the myeloid cells were GFP-
positive cells (Fig. 3). Also probed in these blots were lysates of
pleural effusion, thymic lymphoma, and spleen cells from a
ASH3 c-Abl mouse that developed a T-cell disease (mouse
6.22, Fig. 5 and Table 1). These samples from the different
tissues of mouse 6.22 contained 61, 78, and 24% GFP-positive,
Thy-1.2-positive cells, respectively (Fig. 5 and data not shown).
Lysate from spleen cells of a ASH3 c-Abl mouse that devel-
oped a B-cell disease (mouse 6.28, Fig. 6 and Table 1) con-
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FIG. 7. (A) Expression of Abl proteins and total tyrosine phosphorylation profiles in tumor cells. Lysates from equal numbers of cells, and 10 pg of lysate from K562
cells, were run on 6 to 15% polyacrylamide gradient gels, transferred to nitrocellulose filters, and probed with anti-Abl (Ab-3), antiphosphotyrosine (PY20), or antiactin
(AC-40) antibodies, as indicated. Samples 7.26 and 7.27 [Ber-Abl/p210 (b3a2)] and samples 7.11 and 7.12 [Ber-Abl/p210 (b3a2)] are peripheral WBC lysates from mice
that had developed a CML-like myeloproliferative disease. Pleural effusion (PLEff.), spleen (Sp), and thymic lymphoma (Thy) lysate samples 6.22 are from a ASH3
c-Abl mouse that developed a T-cell leukemia and lymphoma. Spleen lysate 6.28 is from a ASH3 c-Abl mouse that developed a B-cell leukemia. Spleen lysate 7.3 is
from a GFP vector mouse. (B) Activation of signaling pathways in tumor cells. The same lysates as probed in panel A were probed with anti-phospho-JNK (G-7),
anti-phospho-p44/42 (Thr202/Tyr204) MAP kinases (Erk1 and Erk2), anti-p44/42 MAP kinases (Erkl and Erk2), anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-
STATSA/B (Y694/Y699) (8-5-2), and anti-STATS (G-2). (C) Activation of STATS in NIH 3T3 cells. Two days after infection with the indicated titer-matched virus,
lysates were prepared from NIH 3T3 cells, run on 6 to 15% polyacrylamide gradient gels, transferred to nitrocellulose filters, and probed with anti-phospho-STAT5A/B

(Y694/Y699) (8-5-2), and anti-STAT5 (G-2). WB, Western blot.

taining 17% GFP-positive, B220-positive B-lymphoblastic cells
was also included in these blots.

Each lane contains lysate from an equal number of cells,
except where 10 pg of K562 total cell lysate was loaded. Com-
parison with the amount of actin in each lane, as a loading
control (Fig. 7A), revealed that lysates from equal numbers of
cells of the same type (lymphoid or myeloid) contained about
the same amount of protein but that myeloid cells yielded
more protein than an equal number of lymphoid cells.

The anti-Abl blot (Fig. 7A) shows that ASH3 c-Abl protein
was expressed to a much higher level in the lymphoid tumor
cells compared to the levels of Ber-Abl/p210 (b3a2) and Ber-
Abl/p210 (b3a3) proteins found in myeloid tumor cells in the
mouse CML model. As expected, the spleen cell lysates that
contained lower percentages GFP-positive lymphoblastic cells
(from mouse 6.22 Sp and mouse 6.28 Sp) contained less ASH3
c-Abl protein.

Total tyrosine phosphorylation profiles (Fig. 7A) showed a
similar overall amount of tyrosine-phosphorylated proteins in
peripheral blood lysates from mice with the CML-like disease
and in pleural effusion and thymic lymphoma lysates from a
mouse with T-cell disease. The decreased overall amount of
tyrosine-phosphorylated proteins in spleen cell lysates could
simply reflect the smaller fraction of ASH3 c-Abl-expressing

cells in the spleen. Ber-Abl/p210- and ASH3 c-Abl-expressing
tumor cells have most major tyrosine-phosphorylated protein
bands in common, most notably bands of approximately 120,
62, and 39 kDa. These proteins are likely to be Cbl, p62°°,
and Crk/Crkl, respectively, since they have been shown to be
major tyrosine-phosphorylated proteins in Bcr-Abl-trans-
formed cells (reviewed in references 40 and 46). Interestingly,
p39 appears to be tyrosine phosphorylated to a greater extent
in myeloid cells expressing Ber-Abl/p210 than in lymphoid cells
expressing ASH3 c-Abl. In contrast to the tyrosine phosphor-
ylation in NIH 3T3 cells (Fig. 1B), Ber-Abl/p210 proteins ap-
pear to phosphorylate proteins more efficiently than ASH3
c-Abl in hematopoietic cells, if the relative expression levels of
the oncoproteins is considered (Fig. 7A).

To test if there were differences in the abilities of Ber-Abl/
p210 (b3a2), Ber-Abl/p210 (b3a3), and ASH3 c-Abl to activate
major signaling pathways in the tumor cells that expanded in
vivo, the tumor cell lysates were probed with antibodies that
recognize activation-specific phosphorylated sites of the signal-
ing proteins JNKI1, JNK2, Erkl, Erk2, Akt, STAT5A, and
STATSB (see the Materials and Methods section). Then the
amounts of the activated forms of these signaling proteins were
compared among the tumor cell lysates and were also com-
pared to the total amounts of the proteins present, as revealed
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by antibodies that recognize both activated and nonactivated
forms of the proteins. We chose to examine activation of these
particular signaling molecules because they participate in sig-
naling pathways previously shown to be activated by Bcr-Abl
(JNK, Akt, and STATY) and in a major pathway downstream
of Ras (Erk) (reviewed in references 40 and 46).

Figure 7B shows the results for these proteins. No difference
in the amounts of activated phospho-JNK was detected among
the lysate from K562 cells, spleen cell lysate from GFP vector
mouse 7.3, and tumor cell lysate from Ber-Abl/p210 or ASH3
c-Abl mice. The phospho-JNK antibody recognized a 46-kDa
form (p46) of JNK in these lysates, while the JNK2 antibody
recognized mainly the p54 form and also weakly the p46 forms
of JNK in the cell lysates (data not shown). This result indi-
cates that Abl oncoproteins selectively activate p46 JNK. All of
the lysates from cells that express Ber-Abl/p210 contained sig-
nificant amounts of activated phospho-Erk. Lysates from pleu-
ral effusion and spleen cells from the ASH3 c-Abl-expressing
mouse 6.22 and from spleen cells from the ASH3 c-Abl-ex-
pressing mouse contained greater amounts of activated phos-
pho-Erk than the spleen cell lysate from the GFP vector-
expressing mouse 7.3. This suggests that the Ras-MAP kinase
pathway is activated in the tumor cells of ASH3 c-Abl-express-
ing mice. All Ber-Abl/p210-expressing myeloid tumor cells con-
tained a large proportion of activated phospho-Akt. Increased
amounts of activated phospho-Akt were also detected in pleu-
ral effusion and spleen cells from the ASH3 c-Abl-expressing
mouse 6.22 and in spleen cells from mouse 6.28; however, this
activation appeared to be much weaker than that in Ber-Abl/
p210-expressing tumor cells. Myeloid tumor cells expressing
Ber-Abl/p210 all contained activated phospho-STATS, as did
pleural effusion and thymic lymphoma cells from the ASH3
c-Abl-expressing mouse 6.22. However, no activated STATS
was detected in tumor cells from the spleens of ASH3 c-Abl-
expressing mice, even though expression of ASH3 c-Abl and
activation of Erk and Akt were readily detected in these cells
(Fig. 7A and B). The antibody used to detect the total content
of both activated and nonactivated STATS, G-2, recognized
several prominent bands in the lysates. We identified the spe-
cific STATS bands in our blots by their position just below the
97-kDa marker and by precisely aligning the anti-STATS blot
to the anti-phospho-STATS5A/B blot; only these STATS bands
are shown in Fig. 7B and C.

Transient expression of Ber-Abl/p210 (b3a2) and Ber-Abl/
p210 (b3a3) in NIH 3T3 cells induces much greater activation
of STATS than does expression of ASH3 c-Abl. The complexity
of examining signaling from Abl oncoproteins in tumor cells
that arise in vivo can be appreciated by noticing that lysates
from spleen cells of the ASH3 c-Abl-expressing mouse (mouse
6.22) did not have detectable amounts of activated phospho-
STATS. Moreover, comparing different kinds of tumor cells
that have been obtained from different in vivo environments
greatly complicates the analysis of signaling pathways in these
cells. Therefore, to test if there is a difference in the abilities of
Ber-Abl/p210 (b3a2), Ber-Abl/p210 (b3a3), and ASH3 c-Abl to
activate STATS in a single type of cell, under equivalent con-
ditions, we measured the amounts of activated phospho-
STATS in NIH 3T3 cells transiently expressing Ber-Abl/p210
(b3a2), Ber-Abl/p210 (b3a3), and ASH3 c-Abl (Fig. 7C). Under
these conditions, Bcr-Abl/p210 (b3a2) and Ber-Abl/p210
(b3a3) both induced significant activation of STAT5 as com-
pared to GFP vector-infected NIH 3T3 cells. A much weaker
activation of STATS was detected in NIH 3T3 cells expressing
ASH3 c-Abl.

MoL. CELL. BIOL.

DISCUSSION

We have used a mouse model of CML to examine the role
of the Abl SH3 domain of Ber-Abl/p210 in induction of my-
eloproliferative disease and to test if an activated Abl kinase
that is not fused to any other protein is sufficient to induce a
CML-like disease. Both Bcr-Abl/p210 (b3a2) and Bcr-Abl/
p210 (b3a3) induced a CML-like myeloproliferative disease in
the mouse model. These results demonstrated that the Abl
SH3 domain, in the context of Ber-Abl/p210, is not absolutely
essential for efficient induction of a myeloproliferative disease.
We also found that ASH3 c-Abl, which has an activated Abl
kinase domain and can transform fibroblast and hematopoietic
cell lines, induced only lymphoid malignancies with a long
latency in vivo under the conditions used for study of the
mouse model of CML. We found that the amount of phos-
phorylation of Akt in tumor cells of ASH3 c-Abl-expressing
mice was significantly less than that in tumor cells of Ber-Abl-
expressing mice, and that the ability of ASH3 c-Abl to induce
phosphorylation of STATS in both tumor cells and NIH 3T3
cells was significantly weaker than that of Ber-Abl. Together,
our results indicate that the Ber sequences in Ber-Abl play
additional roles in inducing myeloproliferative disease beyond
simply activating the Abl kinase domain and suggest that ac-
tivation of the Akt and STATS pathways plays a critical role in
inducing a CML-like disease. The results also demonstrated
the importance of delineating the molecular mechanisms of
CML by using the in vivo model.

The importance of Ber sequences in Ber-Abl oncogenic po-
tential has been well documented in the in vitro transforming
assays (reviewed in references 40 and 46; see also reference
31). However, the role of Ber sequences in determining disease
specificity remains unclear. For example, it was shown that
both Ber-Abl and v-Abl can induce formation of lymphoid and
myeloid cell colonies (25). For a mouse model of CML used
earlier, there is a controversy as to whether v-Abl can induce
the same myeloproliferative disorder as Ber-Abl (24, 47). For
the first time in a much more efficient mouse model (where
Ber-Abl induces exclusively a CML-like disease), we found that
the presence of Ber sequences is essential for causing myelo-
proliferative disease in vivo.

The Ber region of Ber-Abl/p210 contains multiple functional
domains and/or motifs, including a coiled-coil oligomerization
domain, a serine-threonine kinase domain, a pleckstrin homol-
ogy domain, a Dbl/CDC24 guanine-nucleotide exchange factor
homology domain, several serine-threonine and tyrosine phos-
phorylation sites, and binding sites for the Abl SH2 domain
and Grb2, Grb10, and 14-3-3 proteins (2, 26-29, 36, 37, 39, 40,
43, 53). The coiled-coil oligomerization domain at the amino
terminus of Ber has been shown to play an important role in
activation of the Abl kinase domain, association of Bcr-Abl
with actin filaments, and in vitro cellular transformation by
Ber-Abl (29, 30). In the oncoprotein Tel-Abl, part of the Ets
transcription factor family member Tel is fused to abl exon 2.
Although the Ber and Tel sequences are very different, they
have been shown to have at least one common property. A
helix-loop-helix domain in Tel mediates oligomerization of
Tel-Abl and is required for activation of the Abl kinase do-
main, localization of Tel-Abl along actin filaments, and in vitro
transformation of cells by Tel-Abl (14). These comparisons of
Ber-Abl and Tel-Abl raise the possibility that the only role of
Ber sequences in Ber-Abl-induced leukemia is to activate Abl
functions by oligomerizing Abl. Since an activated Abl kinase
alone is shown here not to be sufficient to induce a CML-like
disease, the role of functions of the coiled-coil domain beyond
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the activation of the Abl kinase requires further investigation
in the mouse model of CML.

Another important motif in Ber is the major Grb2 binding
site, tyrosine 177 (37, 39). It is believed that the Grb2 binding
leads to activation of the Ras pathway. Mutation of the ty-
rosine residue (Y177F) has been shown to block fibroblast
transformation by Ber-Abl but not to affect induction of factor
independence in hematopoietic cell lines (7, 13). We have
recently found that the Y177F mutant of Ber-Abl/p210 had a
greatly reduced ability to induce myeloproliferative disease
(50a). Consistently, coexpression of wild-type Ber-Abl with a
dominant-negative form of Ras resulted predominantly in lym-
phoid disease in the mouse model of CML (3). These results
suggest that activation of Ras in Bcr-Abl target cells is an
important signaling event for Ber-Abl to induce a myelopro-
liferative disease.

However, ASH3 c-Abl differs from the Y177F mutant of
Ber-Abl at least in that it can transform fibroblasts in vitro. In
this study we found that Erk is activated in tumor cells express-
ing ASH3 c-Ab], including leukemic T cells in pleural effusion
and T- or B-leukemic cells in the spleen, to levels similar to
those in myeloid tumor cells expressing Ber-Abl. This result
suggests that the Ras-MAP kinase pathway is activated in he-
matological tumors of both ASH3 c-Abl- and Ber-Abl-express-
ing mice directly or indirectly by the abl oncogenes and that
ASH3 c-Abl may lack the combination of additional signaling
properties provided by Ber sequences that are required for
myeloid cell expansion in vivo. The lack of ability of ASH3
c-Abl to induce a myeloproliferative disease appears not to be
due to a lower level of expression of ASH3 c-Abl protein nor to
a drastic reduction in the overall tyrosine phosphorylation of
cellular proteins compared to Ber-Abl (Fig. 1B and Fig. 7A).
Interestingly, we found much less activated Akt in tumor cells
of ASH3 c-Abl-expressing mice than in tumor cells of Ber-Abl-
expressing mice. One possible cause of this difference in acti-
vation of Akt could be the different in vivo environments of the
myeloid and lymphoid cells. Notably, the phosphorylation of
Akt in K562 cells, a Ber-Abl-positive erythroblast cell line, was
also lower than that in Ber-Abl-induced myeloid tumor cells
(Fig. 7B). Alternatively, this result may indicate that ASH3
c-Abl is a weaker activator of the Akt pathway than is Ber-Abl.
In addition, we found that activation of STATS in tumor cells
of ASH3 c-Abl-expressing mouse spleens was much weaker
than that in Ber-Abl-expressing myeloid tumor cells. However,
ASH3 c-Abl-expressing tumor cells from thymic lymphoma and
pleural effusion did contain activated STATS. These results
suggest that activation of STATS in ASH3 c-Abl-expressing
tumor cells may also depend on the extracellular microenvi-
ronment. In a single cell type, NIH 3T3, under the same con-
ditions, we did find that ASH3 c-Abl was a much weaker
activator of STATS compared to Ber-Abl. The inability of
ASH3 c-Abl to fully activate the Akt and/or STATS pathways
may underlie the defect of ASH3 c-Abl in stimulating the
growth of BM cell colonies in vitro and in inducing a CML-like
disease in vivo. In other words, these pathways may play an
important role in inducing myeloproliferative disease. Consis-
tent with this idea, it has been reported for a different mouse
model that a dominant-negative mutant of Akt inhibited Ber-
Abl-mediated leukemogenesis (49). Also, STAT5 has been
found to be activated in a variety of Ber-Abl-expressing cells (4,
5, 22, 48). Whether differences in activation of these, or other,
signaling pathways can account for the difference between Ber-
Abl/p210 and ASH3 c-Abl in inducing myeloproliferative dis-
ease will be the subject of further study.

Our results also showed that the b3a3 version of Bcr-Abl/
p210 induced myeloproliferative disease with a small delay in
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the onset of disease compared to the b3a2 version. This result
suggests that the Abl SH3 domain may help to increase the
oncogenic potential of Ber-Abl. The protein Rinl has been
reported to increase transformation of cells when coexpressed
with Ber-Abl, dependent on the binding of Rinl to the Abl
SH2 and SH3 domains (1). Rinl may be a type of Abl SH3
ligand that is a substrate and effector of Ber-Abl that enhances
oncogenic signaling. Therefore, one possible explanation for
the slightly increased survival of Ber-Abl/p210 (b3a3)-express-
ing mice could be disruption of Abl SH3 binding to host cell
ligands such as Rinl. Another factor that may have influenced
the delayed disease onset and increased survival of these mice
is a possible effect of the SH3 deletion on adhesion and homing
properties of infected BM cells. Decreased homing to the
spleen and bone marrow was reported for 32Dc13 clones made
factor independent by ASH3 Bcr-Abl and for G418-selected
BM cells that had been infected with ASH3 Bcr-Abl virus, as
compared to cells with wild-type Bcer-Abl (50). Nonetheless,
our results showed that Ber-Abl/p210 (b3a3) can still efficiently
induce a CML-like disease in mice. This result is consistent
with the finding of Ber-Abl/p210 (b3a3) in association with
human leukemias, including CML. Together these data indi-
cate that the function of the Abl SH3 domain, in the context of
Ber-Abl/p210, is either redundant or not essential for induction
of a myeloproliferative disease.

Different abl oncogenes were originally found to be predom-
inantly associated with different kinds of hematological malig-
nancies (32, 45). In several earlier mouse models, Ber-Abl
expression induced a variety of hematological neoplasms, in-
cluding ALL, pre-B-cell lymphoma, T-cell leukemia and/or
lymphoma, macrophage, erythroid, and mast cell tumors, my-
elomonocytic leukemia, and, with a low efficiency, myelopro-
liferative disease (9-11, 18, 20, 21, 24, 51). The nature of the
hematological neoplasms induced by Ber-Abl has been shown
to be influenced by the genetic background of the mouse
strains, as well as by infection conditions or the promoters used
in transgenic animals (10, 11, 17, 18, 20, 21, 51). In this study
we have demonstrated that different types of activated Abl
kinases differ in their abilities to induce myeloid or lymphoid
cell neoplasms. Our results suggest that the type of hemato-
poietic cell neoplasm induced by an activated Abl kinase is
influenced not only by what type of hematopoietic cells the
oncogene is targeted to but also by the intrinsic oncogenic
properties of the particular type of activated Abl kinase.
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