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The SH2 domain of Ber-Abl is not required to induce a murine myeloproliferative

disease; however, SH2 signaling influences disease latency and phenotype

Xiaowu Zhang, Ray Wong, Sheryl X. Hao, Warren S. Pear, and Ruibao Ren

Bcr-Abl plays a critical role in the patho-
genesis of chronic myelogenous leuke-
mia (CML). It was previously shown that
expression of Bcr-Abl in bone marrow
cells by retroviral transduction efficiently

induces a myeloproliferative disorder

(MPD) in mice resembling human CML.

This in vivo experimental system allows
the direct determination of the effect of
specific domains of Bcr-Abl, or specific
signaling pathways, on the complex in

Introduction

vivo pathogenesis of CML. In this report,
the function of the SH2 domain of Bcr-Abl
in the pathogenesis of CML is examined
using this murine model. It was found
that the Bcr-Abl SH2 mutants retain the
ability to induce a fatal MPD but with an
extended latency compared with wild type
(wt) Ber-Abl. Interestingly, in contrast to
wt Ber-Abl-induced disease, which is
rapid and monophasic, the disease
caused by the Bcr-Abl SH2 mutants is

biphasic, consisting of an initial B-lym-
phocyte expansion followed by a fatal
myeloid proliferation. The B-lymphoid ex-
pansion was diminished in mixing experi-
ments with bcr-abl /TASH2 and wt bcr-abl
cells, suggesting that the Bcr-Abl-in-
duced MPD suppresses B-lymphoid
expansion. (Blood. 2001;97:277-287)
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The bcr-abl oncogene is produced when the break-point clusteéiomain, nuclear localization signals, and SH3 binding sites in
region gened-bcr) sequences on chromosome 22 are fusedabl
sequences on chromosome 9 by a reciprocal translocafitwe.
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C-terminal regiorf. The Bcr region of Bcr-Abl/p210 contains eﬁ
coiled-coil oligomerization domain, a serine/threonine kinase dp-

Bcr-Abl fusion protein is present in nearly all patients with chronienain, a pleckstrin homology domain, a Dbl/CDC24 guanint_é_-
myelogenous leukemia (CML) and in some patients with acuteicleotide exchange factor homology domain, and several seria’ne/
lymphoblastic leukemia. Depending on the nature of the translogareonine and tyrosine phosphorylation sites and binding sites#or

tion and exactly how thbcr andabl sequences become spliced intdhe Abl SH2 domain, Grb2, Grb10, and 14-3-3 proteifBefining
a final bcr-abl messenger RNA, various Bcr-Abl fusion proteinghe roles of these domains/motifs of Ber-Abl is critical for understa

including p185, p210, and p230 can be generated, which shoving the molecular mechanism of Ber-Ablukemogenesis.

preferential association with different types of leukefia.
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The SH2 domain is a modular unit present in a wide varietygbf

CML is a clonal myeloproliferative disorder (MPD) resultingsignaling molecule°It mediates specific protein-protein interacg
from the neoplastic transformation of hematopoietic stem &élls.tions by binding phosphotyrosine-containing peptides. Some SH2
The disease usually has a biphasic course, comprising a chrothitnains can also bind peptides in a phosphotyrosine-indepen@ent

phase and a blast phase. The initial chronic phase is characterimemhner and some can even bind phospholipid$.The SH2

191

by accumulation of large numbers of myeloid-lineage cells predondemains of intracellular protein—tyrosine kinases play a role in @e
nated by granulocytes in peripheral blood (PB), bone marrogatalytic function of the kinasé8:1® They may contribute to they
(BM), and spleen. It is not clear why CML manifests as an MPLkinase substrate specificity by protecting the substrates fr§m
even though Bcr-Abl is expressed in the hematopoietic stem cdéphosphorylation, localizing them to a specific subcellular lo-
compartment in humans and Bcr-Abl has the capacity to transfotian, or facilitating processive phosphorylation of multiple tyrosir‘)?i’e
nearly all hematopoietic elements. Progression of the disease afesidues in the same protéifiThe SH2 domain plays an importang
3 to 5 years to terminal blast phase, often through an acceleratet® in the Abl proteins in interacting with and phosphorylating
phase, is characterized by accelerated accumulation of immatsignaling proteins, including p62dok, c-Cbl, Rin-1, Tub, ar§j
myeloid or lymphoid cells. Bcr-Abl is important in both initiation mDab11824 |t can also interact with Bcr sequences and S@c
and maintenance of neoplastic transformdtidrowever, disease through phosphotyrosine-independent interactiéf3.

=

progression to blast crisis likely requires additional mutations. The Abl SH2 domain is required for transformation of cultured
Bcer-Abl contains many domains/motifs that regulate and medibroblast cells by Bcr-AbE However, mutations in the Abl SH2

ate its function. Abl-derived sequences from Bcr-Abl contaidomain do not diminish the ability of Ber-Abl to render cytokine-

Src-homology-3 (SH3), SH2, and tyrosine kinase domains in itsdependent growth of factor-dependent hematopoietic cell#és.

N-terminal half, as well as a DNA binding domain, an actin bindingn addition, Ber-Abl SH2 mutants can transform primary lymphoid
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progenitors in vitro as well as wild-type (wt) Bcr-ABl. These Helper-free retroviruses were generated by transiently transfecting retrovi-
conflicting observations in cultured cells suggest that the requir@l constructs into BOSC 23 cells as descritié@iwo days after transfec-
ment for the SH2 domain is cell type- or context-dependeﬁi@”' the culture supernatant containing the retroviruses was collected and

Attempts have also been made to assess the role of the SH2 dori{§fift ©© transduce BM cells for the CML model and NIH3T3 cells for
in Ber-Abl leukemogenesis in vivo. It was shown that th etermination of a relative viral titer. The virus preparation can be stored at

. 4°C for up to 4 days without significant change in virus titer. Retroviral
pre—B-lymphoid cells transformed by Ber-Abl SH2 mutants W ansduction and titering were performed as descriBé#All viruses were

poorly tumorigenic in immunodeficient mi¢&The SH2 domain of adjusted to equal titer based on GFP expression with BOSC 23—conditioned

Ber-Abl was also shown to be required for developing a myeloigiedium just before transduction of BM cells or other cell types.

leukemia in mice due to failure to activate phosphatidylinositol

(P1)-3 kinase/Akt pathwa$? However, in earlier models, Bcr-Abl Bm transduction and transplantation

does not effectively induce CML-like MPE%;3” making it difficult ) ] )

to conclude whether the SH2 domain plays a role in pathogenegM c_eII transduction and transplantation were performed as previously
escribed®

of CML.

We and others recently have shown that expression of Bcr-Aﬂ
in BM cells by retroviral transduction efficiently induces an MPD
in mice resembling human CM#&:40This murine model for CML Flow cytometry and cell sorting were performed as descriBéd.
provides an effective in vivo experimental system to study the roles
and relative importance of domains of Ber-Abl and of signalin§outhern blot
events affected by Ber-Abl in leukemogeneSitn this report, we  pg optained from the orbital sinus or tail and dispersed cells from spl
used our in vivo model to study the function of Ber-Abl SH2yere treated with red blood cell lysis solution ACK (150 mM AGH, 1 mM
domain in the pathogenesis of CML. We found that SH2 mutatiok$4CO;, 0.1 mM Na ethylenediaminetetraacetic acid, pH 7.3). Hig
slowed the onset of, but did not prevent, Bcr-Abl-induced MPDnolecular weight DNA from the white blood cells (WBCs) and sorteg
The phenotype of the disease induced by Ber-Abl SH2 mutarsglenocytes was isolated by using the QIAamp Blood Kit (Qiagen). For
differed from wt Ber-Abl disease in that the SH2 mutants inducedrgoviral integration analysis, up to 35g DNA was digested with either &
B-lymphoproliferative disorder prior to the fatal MPD. The B-cellECORI, BanHl, or Bglll, separated on a 1% agarose gel, transferred go
lymphocytosis could be suppressed by wt Ber-Abl—induced MPBybond-M membrane (Amersham, Arlington Heights, IL), and hybridizegl

. L2 . ; AR ith a probe containing IRES-gfp sequences derived from the retrovgal
in a mixing experiment, suggesting that Ber-Abl-induced MPLY ctor as describe#. For determining the contribution dfcr-abk and 3

. - . . e
supp_r_es_ses B-IymphOId _expanS|0n. Th'_s may provide a clue to tb(,ff-abI/ASH2—transduced cells in BM mixing experiments, genomic DNg
specificity of MPD induction by Ber-Ablin CML. from PB was digested withlindlll and separated on a 0.7% agarose ge,
transferred to Hybond-Nmembrane, and hybridized with a probe correg
sponding to a 1.2-kilobase (kiBco4711l-Bglll fragment of the 3 end of £

I0W cytometry and cell sorting

n

wmomy pap%uumoq

Materials and methods human c-abl complementary DNA. The washed membrane was expos%i to
X-ray film. =
DNA constructs 3
) . ) ) .. Immunoblotting 3
The R1057K mutation was introduced into Bcr-Abl/p210 by first amplify- S

ing 2 overlapping fragments containing this point mutation from th&IH3T3 cells were transduced with titer-matched viruses as descril%ed
bcr-abl/p210gené® by polymerase chain reaction (PCR) with firimer — above. Two days after transduction, cells were serum-starved with DMEM
NT114: 5-ATCACGCCAGTCAACAGTC-3; and 3 primer NT112: 5-  containing 0.1% calf serum for 12 hours. The cells were then collect8d,
CTC TCACTCTCTTTCACCAAGAAGCTGCCATTG-3(containing the washed once in ice-cold phosphate-buffered-saline (PBS) (Gibco Blg_),
mutation) for fragment 1; and with’ Sorimer NT113: 3-CTTCTTGGT- resuspended in certain volume in ice-cold PBS, and boiled for 5 minute§ in
GAAAGAGAGTGAGAGCAGTCC-3 (containing the mutation); and 3 an equal volume of X sodium dodecyl sulfate (SDS) sample buffer a
primer NT39: B-GGACATGCCATAGGTAGC-3 for fragment 2. We then described?® The ACK-treated spleen cells were resuspended in ice-cgjd
purified these 2 fragments with the QIAquick PCR Purification Kit (QiageRBS at 2x 10° cells/mL, lysed by adding equal volume 0f2SDS sample 5
Inc, Chatsworth, CA) and mixed them together as templates to generhtdfer, and heated at 100°C for 5 minutes. Cell debris was clearedpy
fragment 3 by PCR with Sprimer NT114 and 3primer NT39. Fragment 3 centrifugation. Equal amounts of total protein of each lysate were runfn
was then digested with restriction enzyniéiacll and Aatll and subcloned 6% to 15% SDS-polyacrylamide gradient gels and transferred to nitrocellu-
into the corresponding position in thiecr-abl/p210 gene to generate lose filters. Protein blots were probed with antibodies as described
bcr-abl/R1057Kcomplementary DNA. To generaber-abl/ASH2 we used  previously*! with the exception that the signal transducer and activator of
the 5 primer NT62: 3-GAATTCGTCAACAGTCTGGAGCCCACT- transcription (STAT)5 antibody was purchased from Transduction Labora-
GTCTATGGTGTGTCC-3 (corresponding to the sequences flanking bottories (Lexington, KY). Bound antibodies were visualized using horserad-
ends of the SH2 domain) and Brimer NT39 (see above) to amplify the ish peroxidase—conjugated antimouse or antirabbit immunoglobulin G
ASH2 fragment frombcr-abl/p210by PCR. TheASH2 fragment was (IgG) and enhanced chemiluminescence reagents as described by the
digested withHincll and Aatll and was subcloned into the correspondingnanufacturer (Amersham).

position inbcr-abl/p210to generateébcr-abl/ASH2 complementary DNA.

Both ber-abl/R1057Kandbcr-abl/ASH2were cloned into th&cdRl site in - Immunokinase assay

MSCV-IRES-gfp (murine stem cell retroviral vector—internal ribosomal ) )

entry site—green fluorescence protein) vector as previously deséfibad. Retroviral constructs were transfected into BOSQ 23 (_:ells as desdfibed.
portions ofbcr-abl/R10 57Kandbcr-abl/ASH2that were produced by PCR TWO days after transfection, cells were lysed in lysis buffer (S50 mM
amplification were verified to be correct by sequencing. HEPES, pH7.4; 150 mM NaCl; 10% glycerol; 1% Triton X-100; 1 mM
EGTA; 1.5 mM MgCh; 1 mM dithiothreitol [DTT]; 10 mM NaF; 1 mM
sodium orthovanadate; 1 mM freshly made phenylmenthylsulfonyl fluo-
ride; 1X complete protease inhibitor cocktail [Boehringer Mannheim,
NIH3T3 mouse fibroblasts were grown in Dulbecco modified Eagledianapolis, IN]). Cell lysates were quantified with the Coomassie Protein
medium (DMEM) containing 10% calf serum, 100 U/mL penicillin (GibcoAssay Reagent (Pierce, Rockford, IL) and adjusted to equal concentration
BRL, Grand Islands, NY), and 10Qg/mL streptomycin (Gibco BRL). with the above lysis buffer. One-milligram total proteins (in 500) was

Cell culture and retrovirus preparation
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immunoprecipitated with anti-Abl antibody Ab-3 as descriigéthmuno-  vitro with titer-matched retroviruses containing e¢r-abl or its
precipitates were washed 3 times in lysis buffer and twice in kinase buff§H2 mutants and transplanted these cells into lethally irradiated
(10 mM MgCl, 1 mM DTT, 50 mM HEPES) and were then aliquotedsyngeneic recipient mice as previously descritfellice trans-
equally into 3 Eppendorf tubes: 1 for Western blotting and 2 for ki”asﬁlanted with BM cells transduced with vetcr-abl virus (Bcr-Abl

assays with substrate glutathione-S-transferase (GST)-10a and GS"-—Cfrlfﬂce) died within 3 weeks after BM transplantation (BMT) with

.(Long and Ren, unpupllshed data, 1996)’ respectively. The pl0a "&aracteristics of the CML-like syndrome previously described
isolated as a Src-SH3 binding polypeptide and subsequently was show?ﬁ? ure 2). Ber-AbR1057K mice and Ber-ABMBH2 mice also
be part of a signal integrating protein, Sit*'> It contains 92 amino acids 9 :

including a single tyrosyl residue followed by amino acids Asp-Val-Pro. we€veloped a fatal disease but with a significantly longer latency
found that p10a can be phosphorylated by the Abl protein tyrosine kinasdffan Bcr-Abl mice (Mantel-Cox [log-rank] tesk? = 23.97,
vitro (Long and Ren, unpublished data, 1996). The kinase assay wRs< .0001 andy? = 30.28,P < .0001, respectively) (Figure 2). In
performed in total volume of 3QL containing 1x kinase buffer, ug  addition, the disease latency of Bcr-Ab8H2 mice was signifi-
substrate, 0.5 mM adenosine triphosphate (ATP), and X8&(° Bq cantly longer than that of Bcr-Abl/R1057K miced(= 12.93,

(5 n.Ci) y-[3?P]ATP for 30 minutes at room temperature. Kinase reactiorg = .0003).

were terminated by adding 30L 2 X SDS sample buffer and heating at  The Bcr-Abl/R1057K and Ber-AbSH2 mice not only sur-

100°C for 10 minutes. Equal amounts of supernatant were analyzed jy,aq longer than the wt Ber-Abl mice but also showed different
SDS-polyacrylamide gel electrophoresis and autoradiography.

Enzyme-linked immunosorbent assay for IL-3 and GM-CSF é\{" qQ
PB from the orbital sinus was collected into an Eppendorf tube, incubated at ’\Q ,g:?z\
room temperature for 4 hours, and then incubated at 4°C overnight. The A < .& .§ \0\\
samples were spun at 16 000 rpm in a microcentrifuge at 4°C. The 1O o ¢ ‘\R'
supernatant was transferred into a new tube and frozety@tC until use. X Qf" Qf-’ Qf’

The serum levels of interleukin (IL)-3 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) were assayed using mouse IL-3 and

GM-CSF enzyme-linked immunosorbent assay (ELISA) kinfr® & D y
Systems (Minneapolis, MN) and Endogen (Woburn, MA), respectively. : 1: Ber-Abl

Results S - = C-AD

Bcer-Abl with mutations in its SH2 domain causes a transient
B-lymphoproliferative disorder and a delayed MPD in mice 1 2 3 4

Two Bcer-Abl SH2 mutants were made to study the role of the SH2 B
domain in Ber-Abl-mediated leukemogenesis. Ber-Abl/R1057K is
Ber-Abl with a single arginine-to-lysine mutation (R1057K) in the |
conserved FLVRES motif of the SH2 domain. This mutation has
been shown to significantly reduce the ability of the SH2 domain to
bind tyrosine-phosphorylated proteins but does not affect the
overall NMR structure of the SH2 domaifi.Bcr-Abl/ASH2 is
Bcer-Abl with its SH2 domain deleted. To examine the effect of the
SH2 mutations on the expression of Ber-Abl, NIH3T3 cells were i
transduced with titer-matched retroviruses containingertabl or Sl Y
its SH2 mutants. Western blot analysis of the lysates of these cells <= GST-Crk
showedthat wt Bcr-Abl, Ber-Abl/R1057K, and Ber-AbNSH2 ex-
pressed at theame level in transduced NIH3T3 cells (Figure 1A). i

Ber-Abl and SH2 mutants were transiently expressed in 293T ” <« GST-10a
cells, and the kinase activity of the immunoprecipitated Bcr-Abl
proteins were measured by an in vitro kinase assay. As shown in
Figure 1B, both Bcr-Abl/R1057K and wt Bcer-Abl were equivalent IP western blot
in their ability to phosphorylate themselves and exogenous sub- .
strates Crk-I (Figure 1Bi, compare lanes 1 and 3) and 10a (Figure |l Pttty <= Bcr-Abl

1Bii, compare lanes 1 and 3). In contrast, deletion of the SH2

domain showed a slight decrease in the ability to phosphorylate Suthgpt—stes G~ C-AbI
exogenous substrates (Figure 1Bi, Bii, lane 4) and a more

significant reduction in autophosphorylation of Bcr-AXffH2  Figure 1. Expression and kinase activity of wt Ber-Abl and the SH2 mutants. (A)

. . : ; _ s _ ; Equal amounts of total lysates of NIH3T3 cells transduced with titer-matched viruses
itself (Flgure 1Bi, lane 4)' Kinase-deficient Ber-Abl (Flgure 1B, rrying gfp alone (lane 1), ber-abl (lane 2), ber-abl/R1057K (lane 3), or ber-abl/ASH2

. C
lane 2) was used as a negative control. The low level Qine 4) were analyzed by immunoblotting with anti-Abl antibody, Ab-3. The positions
phosphorylation seen in this control may be due to the presencefcr-Abl and the endogenous c-Abl are indicated. (B) Ber-Abl (lane 1), kinase-
endogenous c-Abl (Figure 1Biii). deficient Bcr-AbI/Kll76R (lane 2), Bcr-AbI/RlOS?K (lane 3),.a.nd Bcr—AbI/ASHZ (.Iane

. he leuk .. fth f 4[:] were transiently expressed in 293T cells, immunoprecipitated with an anti-Abl
To examine the leu emermClty of the SH2 mutants o BCI’-A[_A tibody (Ab-3), and subjected to an in vitro kinase assay using substrate GST-Crk (i)

in vivo, we transduced 5-fluorouracil-treated mouse BM cells ist GST-10a (ii) as well as immunoblotting with the anti-Abl antibody (iii).

IP kinase assay

<—Bcr-Abl
autophosphorylation
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Figure 2. Survival curves of Ber-Abl mice and SH2 mutant mice. BM cells
transduced by titer-matched viruses carrying the bcr-abl gene or its SH2 mutants as
indicated were transplanted into recipient mice. Viral constructs and number of mice
used in this representative experiment: bcr-abl, B, n = 13; bcr-abl/R1057K, @,
n = 15; bcr-abl/ASH2, A, n = 11. The survival curves were generated through
Kaplan-Meier survival analysis.

hematologic manifestations. Because the pathologic consequergstphocytes (CD19) in Ber-Abl/ASH2 mouse BMT5.16 at day:

observed in mice receiving either Bcr-Abl/R1057K— or Bcer-Abl

ASH2-transduced BM cells were similar in all respects exceplgM"d" and 66% are B22®'/slgM°¥~ (Figure 3Bii). Similar

latency, the following analysis will focus on the Bcr-AbBH2

mice unless otherwise stated. Flow cytometric analysis showed teaggest that B-lymphoid cells in Bcr-ABWSH2 mice are at

A Day 18 after BMT
Peripheral blood
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at day 18 after BMT, most GFRcells in PB, spleen, and BM of wt
Bcr-Abl mice were myeloid cells (Mac?). Few B-lymphoid cells
(CD19%) were present (FigureA3 Bcr-Abl). The low level of
B-lymphoid cells in Bcr-Abl mice at day 18 after BMT was
unlikely due to failure to reconstitute B-cell lymphopoiesis by day
18 after BMT because GFPB-lymphoid cells were present in
vector control mice at this time (Figure 3A, vector). In contrast to
wt Ber-Abl mice, there were a large number of GFB-lymphoid
cells in the PB of Bcr-AbIASH2 mice at day 18 after BMT (Figure
3A). This difference is especially apparent in spleen and BM
(compare Bcr-Abl and Ber-AbNSH2 in Figure 3A). Most GFP
cells in the BM of wt Ber-Abl mice were myeloid cells, whereas
almost all GFP cells in the BM of Bcr-AbIASH2 mice were
B-lymphoid cells (Figure 3A) (Bcr-Abl and Bcr-AbVSH2 mice
had a comparable number of cells in their BM, data not shown).

A detailed immunophenotypic analysis was performed on
Bcr-Abl/ASH2 mice to determine the developmental stages of the
B-lymphoid cells. As shown in Figure 3B, there are 78% GHEP

P7 after BMT. Among the GFP cells, 28% cells are B22QY

woJj papedjumoQ!

results were observed in other Ber-Ab8H2 mice. These resultsz
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Figure 3. Immunophenotypes of the hematopoietic
cells from vector, Ber-Abl, and Ber-Abl/  ASH2 mice.

Peripheral blood

Vector

Bone Marrow

A = Cells from PB, spleen, or BM were prepared and stained
with the cell surface marker CD19, B220, and sigM for
B-lymphoid cells and Mac-1 for myeloid cells and ana-
lyzed on FACScaliber. (A) FACS profiles obtained from
analysis of a GFP vector control mouse, BMT21.1 (top
panel); a Ber-Abl mouse, BMT21.6 (middle panel); and a
Bcr-Abl/ASH2 mouse, BMT21.9 (bottom panel); on day

Ber-Abl/ASH2

18 after BMT. (B) Expression of surface B220 and IgM on
splenocytes from a normal mouse (i) and on GFP* cells
from PB of Bcr-Abl/ASH2 mouse, BMT5.16, on day 27
after BMT (ii). (C) FACS profiles of a vector mouse,
BMT21.2 (top panel); and a Bcr-Abl/ASH2 mouse,
BMT21.10 (bottom panel); on day 33 after BMT.
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different developmental stages and that Bcr-ABIH2 interferes the wt Bcr-Abl mice. However, as the number of myeloid cells
but does not completely block the development of B lymphocytesteadily increased in Bcr-AlSH2 mice, both the absolute
Analysis of Ber-AbIASH2 mice at later time points showed thanumber and relative percentage of B cells decreased. There were
the B-lymphoproliferative disorder in Bcr-AdSH2 mice was only about 30X 10%L (30 0004.L) B-lymphoid cells in Bcr-Abl/
gradually replaced by a fatal MPD. As shown in Figure 3C, at da¥SH2 mice by day 30 after BMT. All of the Bcr-ARVSH2 mice
33 after BMT, almost all GFP cells were myeloid cells in PB, subsequently developed a fatal MPD that was identical to the MPD
spleen, and BM of Bcr-AbKSH2 mice. Like wt Ber-Abl, Ber-Abl/ - induced by wt Ber-Abl. Of the more than 90 Ber-ABH2 mice
ASH2 also induced expansion of a large population of bystandemalyzed in 7 independent experiments, only 2 mice differed in
(GFP) myeloid cells (Figure 3A,C). This result suggests thaheir disease characteristics. Similar to otA&H2 mice, these 2
Bcr-Abl/ASH2 retains the ability to stimulate proliferation of normamice (in the same experiment) developed transient B-lymphocyto-
myeloid cells, as described previously for wt Ber-Abl mige. sis but died of anemia without MPD, possibly due to failure of BM
To further reveal the kinetics of the expansion of myeloid angeconstitution. In summary, the major differences between the
B-lymphoid cells in wt Bcr-Abl mice and Ber-ANSH2 mice, we  Bcer-Abl/ASH2 and Bcer-Abl diseases were the increased survival of
quantified myeloid and B-lymphoid cells in these mice at differerihe Bcr-Abl/ASH2 mice and the biphasic nature of the Bcr-Abl/
time points after BMT. We counted the total WBCs in PB andSH2 disease.
determined the percentages of B-lymphoid and myeloid cells by
flow cytometric analysis. We then calculated the absolute NUMBEL_Ap\_induced MPD suppresses Ber-Abll  ASH2—induced
of B-lymphoid cells and myeloid cells by multiplying the totalg_ lymphoproliferative disorder
number of WBCs by the percentages of B-lymphoid and myeloid
cells, respectively. As shown in Figure 4A, the total number dBcr-Abl is capable of inducing MPD and lymphoid leukemia if§
WBCs in wt Ber-Abl mice was already elevated at day 14 aftenice, and the disease phenotype seems to be primarily mfluer&ed
BMT and this number increased very quickly until the mice dietly the target cell§3:3438-4047-51n our model, similar to human:
shortly after. In Ber-AblIASH2 mice, on the other hand, the totalCML, the bcr-abloncogene is targeted into multipotential hematg—
number of WBCs was low even at day 16 after BMT; it increasegbietic progenitor cells that give rise to both myeloid and lymphaid
slowly at the early phase of disease (from day 13 to day 27 afteglls in mice. Althoughbcr-ablt B-lymphoid cells are present in%
BMT); and it then increasedhpidly in the later phase. As previouslyBcr-Abl mice, expression of wt Ber-Abl results in the exclusivé
described, almost all cells were myeloid cells in wt Bcr-Abl micexpansion of myeloid cel®-4° It is not clear why B-lymphoid f
independent ofvhether they had low WBC counts (day 14 aftecells fail to expand either in CML patients during chronic phase%r
BMT) or high WBC counts (day 17 after BMT) (Figure 4B). Inin Bcr-Abl mice. In contrast to wt Ber-Abl, the SH2 mutants (ﬁ
contrast, Ber-AblASH2 mice had fewer myeloid cells even at dayBcr-Abl cause a delay in development of MPD and |nduce:a
20 after BMT. The number of myeloid cells in Bcr-ABBH2 mice  transient B-lymphoproliferative disorder prior to the fully deveJ,f
increased slowly at the early phase of disease (from day 20 to dsyed MPD. This result raises the possibility that B-cell proliferg-
27 after BMT) and then increased rapidly in the later phase. By thien in Bcr-Abl mice may be suppressed by the Bcr-AbI—inducc.%d
time that Bcr-AbIASH2 mice developed terminal symptoms ofxpansion of myeloid cells. This leads to the prediction that
lethargy and cachexia, the absolute number of myeloid cells Btr-Abl SH2-mutant-induced B lymphoproliferation would b&
these mice was similar to that in the wt Bcr-Abl mice (Figure 4B)suppressed by Ber-Abl-induced myeloid tumors.
In addition, the fatal MPD in the Bcr-Ab¥SH2 mice was To test this possibility, we transduced BM cells with tite’
oligoclonal (Figure 6) and showed the same pathologic findings amtchedocr-abl virus andbcr-abl/ASH2virus separately and therg
the wt Ber-Abl mice. mixed these transduced BM cells and/or mock-transduced margow
The average number of B-lymphoid cells in Ber-AWBH2  cells at different ratios (Figure 5A) and transplanted a total of
mice increased from approximately 5010%L (50 0004.L) atday 500 000 cells into each lethally irradiated recipient mouse. As we
20 after BMT to its peak of about 11091(°/L (110 000f1L) atday have shown previously, up to one-tenth dilution loér-ab- 8
22 (Figure 4B), whereas very few B-lymphoid cells were present transduced BM cells in mock-transduced BM does not change dlsgase
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A Figure 5. Suppression of Bcr-Abl/  ASH2-induced B-

The cell composition for bone marrow mixing experiment lymphoproliferative disorder by Bcr-Abl-induced MPD.
(A) Lethally irradiated recipient mice were transplanted with

ber-abl ber-abl/ASH2 mock Total BM cells a mixture of mock-transduced, bcr-abl-transduced, and

Raciplent BMcells BM cells BMecells  received ber-abl/ASH2-transduced BM cells at the ratio as indicated.

BMT mice (x 10%)2 (x 105)2 (x 10%)2 (x 10%) (B) WBCs were shown for 4 1:4 mix BMT mice (column 1), 5

1:8 mix BMT mice (column 2), and 9 Bcr-Abl/ASH2 BMT

Ber-Abl 4.0 0 1.0 5.0 (column 3) on day 22 after BMT. The total numbers of

1:4 mix 1.0 4.0 0 50 ?—fl}ymphoéthfrells.(CD(lgi) in 1:54) mideMBT n:zlem(cso:'uzmn .4),

:8 mix mice (column 5), and Bcr- mice

1:4 control 1.0 0 4.0 5.0 (column 6) are calculated as in Figure 4. (C) Genomic DNAs

1:8 mix 0.5 4.0 0.5 5.0 of PB cells from Bcr-Abl mouse (lane 1), 1:4 mix BMT mice

1:8 control 05 0 45 50 (lanes 2-5), 1:8 mix BMT mice (lanes 6-10), and Bcr-Abl/

Ber-Abl/ASHZ2 0 4.0 1.0 50 ASH2 mouse (lane 11) were digested with restriction en-

zyme Hindlll and subjected to Southern blot analysis with a

2 bone marrow cells infected by ber-abl, ber-abl/ASH2, or no virus. 32p-labeled 1.2-kb Eco47Ill-Bglll fragment from 3’ end of

Bs =S c 3 = human c-abl gene. Sizes of DNA fragments from the bcr-abl

i 3 ﬁ (4.6 kb) and bcr-abl/ASH2 (4.3 kb) genes are labeled. The

== == percentage of ber-abl and ber-abl/ASH2 cells (represented

51 @ ] ? by the intensity of ber-abl and ber-abl/ASHZ2 bands) in total

° % E infected cells (represented by the sum of intensity of bcr-abl

ki . and bcr-abl/ASH2 bands) are shown. Also shown are the
3 2. total WBC counts and the percentages of GFP* WBC, B g
=] a ber-abl (4.6 kb) cells, and GFP* B cells in PB at the time when the DNA was 3
= 3 4 Ash2 (4.3 kb) made. The percentage values above 10% were shown as &
B * integers; values below 10% were rounded to the first &
5 A s ] Lanes 1 2 3 4 5 & 7 8 ] 10 11 decimal. é"
g2 ] O ber-abl (%) 100 27 37 82 61 77 688 83 - 67 - S
o 2 boa | Ash2 (%) - 73 63 18 39 23 32 37 100 33 100 F
- H Days after BMT 17 24 24 24 17 17 17 22 22 20 22 -i
] "3 Total WBC (x10%)424 238 348 356 192 174 273 178 232 288 166 8
Ligt GFP*WBC(%) 49 46 47 €9 39 56 35 63 88 72 75 2

0 R B cells (%) 01 12 07 25 07 02 08 23 &7 07 67
12 3 4 5 6 GFP*Beels(%) 0 05 02 14 02 0 03 18 53 06 55

phenotypes except for delaying disease oAgiding 100 000 mock- bcr-abl/ASH2 provirus. The digested genomic DNA was the
transduced BM cells to Becr-AQVSH2 BM cells did not change the analyzed by Southern blot withker-abl DNA probe. g
disease phenotypes of Ber-AbBH2 mice (data not shown). As shown in Figure 5C, only the upper band (4.6 kb) is detectie
At day 22 after BMT, Ber-AblASH2 mice had an average ofin DNA from a Ber-Abl mouse (Figure 5C, lane 1) and only thé
100X 10/L (100 000f.L) B-lymphoid cells in PB (or 47.7% of |ower band (4.3 kb) in DNA from a Ber-AbNSH2 mouse (Figure§
WBCs were B cells) (Figure 5B, column 6). However, in a 1:3C, lane 11). Almost all 1:4 mix BMT mice (Figure 5C, lanes 2-5)
(Ber-Abl:Ber-Abl/ASH2) mix, recipient mice had only 24X  and 1:8 mix BMT mice (Figure 5C, lanes 6-10) (except BMT11.3Z;
1(F/L (24 6004uL) B-lymphoid cells on average (column 5) (excepfigure 5C, lane 9; see below) had both upper and lower barkls.
for the mouse [BMT11.37] indicated by an arrow, in which onlyyantification of the upper and lower bands indicated that bgth
ber-abl/ASH2" cells expanded, see below), and 1:4 mix BMT miCgcr_ap| and ber-abl/ASH2 cells were expanded at comparablg
had only 8.9x 1(°/L (8900/uL) B-lymphoid cells (column 4), eyels in most of the mix BMT mice (Figure 5@gr-abl [%] and =
even though all of these mice were transplanted with the sarReps(o4)). Although ber-abl/ASH2cells were expanded consider?
number ofbcr-abl/ASH2-transduced BM cells. The ratio of GFP ably in all mix BMT mice, all mix BMT mice had very Iow%

B cells to GFP B cells did not differ significantly among percentages of B cells (both GFPand GFP) in their PB &

Bcr-Abl/ASH2 mice, 1:4 mix mice, and 1:8 mix mice. Further'compared with Ber-AbASH2 mice (Figure 5C). Furthermore, thﬁg

more, 1:4 mix BMT mice had much higher total WBC counts bsolute number of GFPB cells was also much lower thark

(Figure 5B, column 1) than pOth the 1:8 mix (Figure 58, golumn 2zxpected based on the numberbai-abl/ASH2 cells in the mix
and Ber-AbIASH2 alone mice (Figure 5B, column 3), ImplylngBMT mice. For example, at day 20 after BMT, mouse BMT11.39

that most WBCs of 1:4 mix BMT mice at this time (day 22 aﬁehad a WBC count of 28& 10%/L (288 000(uL). of which 72%

BMT) were contributed by wt Ber-Abl-transduced myeloid cells. GEP and 33% of th GFRA ined by Southern bl
There are 2 possibilities that can account for fewer B-Iympho?ﬁfere FP,an % of these GPRdetermined by Southern blot,

cells in the 1:4 mix and 1:8 mix BMT mice. One is that thd 19ure 5C), or 68.4< 10°/L (288 X 10°/L X 72% X 33%) were
expansion of myeloid cells suppresses or competes with tﬁgm bcr?abI/ASHZ—transduced cells. At the same day, in Ber-Abl/
expansion of B-lymphoid cells as suggested above. Alternativefy>H2 mice an average of 30.3%r-abl/ASH2-transduced (GFF)
Ber-Abl-induced disease suppresses establishment of Ber-Agf#llS were B-lymphoid cells (GFRED19%). So, BMT11.39 was
ASH2—induced disease. expected to have 20.78 10°/L (68.4 X 10°/L X 30.3%) GFP

To distinguish between these possibilities, we investigated tRelymphoid cells, but instead it had only 0.6%, or 1¥3L0°/L
relative amounts ofbcr-abktransduced andocr-abl/ASH2- (288X 10°/L X 0.6%) GFP B-lymphoid cells in PB (Figure
transduced cells in the mix BMT mice. Becausz-abl/ASH2is 5C)—a nearly 12-fold difference between the expectation and
300 base pairs shorter théer-abl, it is possible to quantify the observation. As mentioned previously, there was one 1:8 mix BMT
numbers of cells transduced with the 2 constructs through South&iause with a very high number of B-lymphoid cells (Figure 5B,
blot analysis. Genomic DNA from PB of various diseased mice waslumn 5, arrow). This particular mouse (BMT11.37) lacked
digested with restriction enzyntdindlll to release a 4.6-kb DNA detectable wbcr-abkcells (Figure 5C, lane 9). Taken together, the
fragment frombcr-abl provirus and a 4.3-kb DNA fragment from results presented here strongly suggest that Bcr-Abl-induced

HIE/B9O|q/1our SuoNEdlgn

]}



BLOOD, 1 JANUARY 2001 « VOLUME 97, NUMBER 1 SH2 AFFECTS BCR-ABL DISEASE PHENOTYPE 283

Figure 6. Proviral integration in myeloid and B-

lymphoid cells from Ber-Abl/  ASH2 mice. (A) Genomic
DNAs of PB cells of mouse BMT11.48 (lane 3) and its
secondary recipients BMT11.48.36 (lane 4) and
BMT11.48.38 (lane 5), sorted myeloid (lane 1) and
B-lymphoid (lane 2) cells of Bcr-Abl/ASH2 mouse
BMT11.34, and sorted myeloid (lane 7) and B-lymphoid
(lane 8) cells of Ber-Abl/ASH2 mouse BMT11.53 were
digested with restriction enzyme EcoRI and analyzed by
Southern blotting with 32P-labeled IRES-gfp sequences.
Common bands (same size) in B-lymphoid cells and
myeloid cells from the same mouse are labeled with an
asterisk (lanes 1,2) for BMT11.34 and an arrowhead
(lanes 7,8) for BMT11.53. Sizes of Hindlll-digested X\
DNA fragments were used as DNA molecular weight
markers and are shown on the right. (B) DNA from mice
BMT11.48.36 and BMT11.48.38 were digested with
BamHl (lanes 1,2) and Bglll (lanes 3,4) and analyzed by
Southern blot with the same probe as in panel A.
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myeloproliferative disease suppresses the Bcr#®H2—stimu- We also found that the Ber-AlVSH2—-induced disease can b§
lated proliferation of B-lymphoid cells. transferred to secondary recipient animals. In one experiment, 8M

cells isolated from the Bcr-AtWSH2 BMT primary mouse £

The same bcr-abl/ ASH2-targeted progenitor cells can give rise BMT11.48 at day 28 after BMT (its WBC counts were 12610°/L 2

to both myeloid and B-lymphoid cells [126 000{.L], among which 52.6% were myeloid cells and 44.6%

Human CML is a hematopoietic stem cell disease. As describi§'e B cells) were transferred into 5 secondary recipients. Amdhg
above, Ber-AbIASH2 induces both B-lymphoproliferative disor-tN€S€ 5 recipients, mice BMT11.48.36, BMT11.48.38, ?‘Ed
der and MPD in mice. We wondered whether the Ber-ABiH2 BMT11.48.39 developed dlsease§. Flow cytometr_y .anaIyS|s§at
myeloid and lymphoid cells originated from the same progenit§f2y3> after BM-'; revealed that in secondary recipient mouse
cells. To address this question, we purified GEP19* cells and BMT11.48.36, 83% of total WBCs were GFfnyeloid cells, and
GFP"Mac-1* cells from the same Bcr-A¥SH2 mice by FAG there were very few<1%) GFP B-lymphoid cells. On the other
Sorter. We then checked the proviral integration pattern in the88nd, in mouse BMT11.48.38, 82% of total WBCs were GFP

cells by Southern blot analysis after digestion with restrictioR-lymphoid cells and only 1% were GFyeloid cells. Two days
enzymeEcoR| (Figure 6A). Like wt Ber-Abl mice?®® multiple  1ater (day 37, blood smears looked the same as on day 35, data not

clones were expanded in primary Bcr-AbBH2 mice (multiple shown), genomic DNAwas isolated from PB cells of BMT11.48.36
bands with different intensities) (Figure 6A, lanes 3,6). Among th@nd BMT11.48.38. The proviral integration patterns in these mice
multiple clones from mouse BMT11.53, some were contributednd their parental mouse BMT11.48 were examined by Southern
only by B-lymphoid cells (Figure 6A, compare lanes 6 and 8), anflot analysis (Figure 6A, lanes 3-5). Primary mouse BMT11.48 had
some were contributed only by myeloid cells (Figure 6A, compafgore than 6 bands (Figure 6A, lane 3), and secondary mouse
lanes 6 and 7). However, there was a common band in bd#T11.48.36 had only 1 band (Figure 6A, lane 4), whose source
B-lymphoid and myeloid cells (Figure 6A, arrowhead). A commoimust be myeloid cells. In BMT11.48.38, there was one major band,
band was also found in myeloid cells and B-lymphoid cells iwhich must be largely contributed by B-lymphoid cells, and 2
Bcr-Abl/ASH2 mouse BMT11.34 (Figure 6A; lanes 1,2; asteriskjninor bands (Figure 6A, lane 5). The major band in both
These results suggest thatr-abl/ASH2virus can be targeted into BMT11.48.36 and BMT11.48.38 was at the same size, suggesting
multipotential hematopetic progenitor cells that give rise to boththat the myeloid tumor cells in BMT11.48.36 and B-lymphoid
myeloid and B-lymphoid cells. tumor cells in BMT11.48.38 originated from the same progenitor



284  ZHANGetal

Table 1. Serum level of IL-3 and GM-CSF in mice

Mice,

Mouse group no. IL-3 (pg/mL)* GM-CSF (pg/mL)*
Normal/vector control 8 (6/2)T < 2.5% < 58
Bcr-Abl/p210 3 7824 24.7 9.6
R1057K/p210 6 5.2 +2.7(0.107)| 22.5 + 9.4 (0.378)
ASH2/p210 12 7.6 = 5.2 (0.473)| 17.5 = 7.8 (0.096)|

WBC containing < 18% Bcells 5
WBC containing = 18% B cells 7

8.8+ 8.0
6.8 + 2.2 (0.302)1

23.4+40
13.3 = 7.2 (0.006)1

*Results shown as average = SD.

TSix age-matched normal mice and 2 vector control mice.

FSensitivity of IL-3 ELISA kit was less than 2.5 pg/mL IL-3.

§Sensitivity of GM-CSF ELISAkit was less than 5 pg/mL GM-CSF.

|IThe possibility value of Student ¢ test comparing with wild-type Bcr-Abl mice.
fIThe possibility value of Student ttest between the 2 groups within ASH2 mice.
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It was shown that the SH2 domain of Bcr-Abl was required both
for activation of Akt and cellular transformatiGATo test whether
the differences in the disease phenotype of Bcr-Abl SH2 mutants
versus wt Bcer-Abl are due to their ability to activate Akt, we
examined the activation of Akt in diseased mice using an antibody
that recognizes the activation-specific phosphorylated site of the
protein. Figure 7A shows that Akt is expressed and phosphorylated
at a similar level in hematopoietic cells isolated from wt Bcr-Abl,
Ber-Abl SH2 mutant, and vector mice. Similar results were also
seen in serum-starved NIH3T3 cells containing wt Bcr-Abl,
Bcer-Abl SH2 mutants, or vector alone (Figure 7B). Because Akt is
activated in vector control mice and NIH3T3 cells, it is not clear
whether Akt can be activated by Bcr-Abl SH2 mutants in these
cells, but our results suggest that the changed disease phenotype of
Ber-Abl SH2 mutants may not be due to the ability of the mutants

cell. This was confirmed by digestion with additional restrictiono activate Akt.
enzymes shown in Figure 6B. The major bands in both mice Activation of Ras and STAT5 has also been shown to be
BMT11.48.36 and BMT11.48.38 were at the same size up@mportant for Ber-Abl transformatiohWe went on to examine theg

digestion with eitheBanH]I (Figure 6B, lanes 1,2) dBglll (Figure
6B, lanes 3,4). These results support the conclusionbtaabl/

activation of extracellular signal-regulated kinase (Erk)1/2, a ma§)r
downstream signaling protein of the Ras pathway, and STAZ5

ASH2virus was targeted into multipotential hematopoietic progenissing antibodies that recognize activation-specific phosphorylaed

tor cells that can give rise to both myeloid and B-lymphoid cells.

Bcr-Abl SH2 mutants retain the ability to induce
overproduction of IL-3 and GM-CSF in mice

We have previously found that in mice with Bcr-Abl-induced

myeloproliferative disease, thlcr-abl virus—infected cells ex-
pressed excess IL-3 and GM-C8H his finding is consistent with

the reports that Bcr-Abl can induce production of IL-3 and

GM-CSF in human and mouse myeloid cell lifE% and that
serum levels of GM-CSF in CML patients and gene expression
IL-3 in primitive CML progenitor cells are often increas&d®lt is

sites of these signaling proteins. Figure 7A shows that p42/Erk% is
phosphorylated in cells isolated from both wt Ber-Abl and Bcr-A@l

A Spleen Cells B  NIH3T3 Cells
s X & e
F & & 9 sl
K Q PN
1234567891011 WB -ﬁ}qi‘g@&“
O
a-Abl

possible that overproduction of hematopoietic growth factor
contributes to the neoplastic expansion of myeloid cells in CML. It
has been reported that the Abl SH2 domain was required fo
Bcr-Abl—induced IL-3 production in FDCP-1 myeloid cell lifélt
is therefore possible that lack of the ability of induction of IL-3
and/or GM-CSF in Bcr-Abl SH2 mutants may be responsible for
their changed disease latency and phenotype. To test this possib
ity, we examined the production of IL-3 and GM-CSF in Bcr-Abl
SH2 mutant mice, compared with wt Bcr-Abl mice and vector
control mice, at different disease developmental stages. Consist
with our previous results, wt Ber-Abl induced overproduction of
IL-3 and GM-CSF in mice (Table 1). Interestingly, we detected a
similar amount of IL-3 and GM-CSF in either Bcr-Abl/R1057K or
Bcr-Abl/ASH2 mice as in Bcr-Abl mice (Table 1). This result
demonstrated that the SH2 domain of Bcr-Abl is not required t
induce overproduction of IL-3 and GM-CSF in vivo.

As we showed earlier, Bcr-Abl SH2 mutants induced an initial
B lymphoproliferation followed by a fatal myeloproliferation. We
wondered whether there were different amounts of IL-3 an
GM-CSF induced at different disease development stages. Amonéj| 23456 T eriom LR
the 12 ASH2 mice shawn In Table 1, 7 had more then 169E0RT Saremmibe Ao S B SRS S S
(18%-64.2%) GFP B-lymphoid (CD19) cells in their PB and 5 (lanes 1,2), 3 wt Bor-Abl mice (lanes 3—){/5), 3 Bcribl/RlOS?yK mice (lanes 6-8), and 3
others had much less (0.14%-9.0%) GHBlymphoid cells at the Bcr-Abl/ASH2 mice (lanes 9-11) (A) and of lysates of NIH3T3 cells transduced with

time when the serum was collected. As shown in Table 1, there is tfigy-matched viruses carrying vector alone (lane 1), bcr-abl/R1057K (lane 2),

PO : f _ cr-abl/ASHZ2 (lane 3), or wt bcr-abl (lane 4) (B). The NIH3T3 cells were serum-
significant difference in IL-3 level between these 2 groups%arvedforlz hours 2 days after transduction. Equal amounts of total lysates of either

(P = .302). Both groups of mice also overproduced GM-CSFkypjeen cells or NIH3T3 cells were separated on 6% to 15% polyacrylamide gradient
although mice with less GFPB-lymphoid cells and more myeloid gels, transferred to nitrocellulose filters, and probed with antibodies as indicated. The

cells produced a significantly higher amount of GM-CBF=( .006). fresh filt'ers wer_e first probed with an anti-Abl antibody (Ab-3) or t_he phospho-specific
antibodies against activated Akt, Erk, and STAT5 and then stripped and reprobed

The latter result SqueSts that the myelOId cells may be the Maj@h an anti-Dynamin antibody or antibodies against corresponding Akt, Erk, and
source of GM-CSF.

W ———— - ‘,“ a-AKT-@

a-AKT

a-ERKD

o-ERK

a-STATS{p

a-STATS

Dynamin

STATS proteins, respectively.
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SH2 mutant mice. Both p44/Erk1l and p42/Erk2 were activated Bcr-Abl SH2 mutant micé® These results support the notion that
cells isolated from vector control mice (Figure 7B, lanes 1,2). Botspecific SH2-generated signals, rather than the overall Abl kinase
p44/Erkl and p42/Erk2 were also activated in NIH3T3 cellactivity, account for the differences in disease phenotypes.
containing wt Bcr-Abl, Ber-Abl SH2 mutants, or vector alone It has been reported that the Abl SH2 domain was required for
(Figure 7B). It is not clear why p44/Erk1 was not activated in cellBcr-Abl-induced IL-3 production in the FDCP-1 myeloid cell
isolated from diseased Bcr-Abl mice. line 54 However, we detected similar levels of IL-3 and GM-CSF in
Activation of STAT5 was detected in total spleen cells fronserum of both Ber-Abl and Ber-Abl SH2 mutant mice (Table 1). We
both wt Ber-Abl and Ber-Abl SH2 mutant mice but not in spleeralso found that Ber-Abl SH2 mutants induced expansion of a large
cells from the vector control mice (Figure 7A), confirming thapopulation of bystander (GF§ myeloid cells (Figure 3A,C),
Bcer-Abl proteins can induce STATS activation directly or indirectlysuggesting that Bcr-AbNSH2 retains the ability to stimulate
(ie, through induced cytokine signaling) or both. To evaluate thsroliferation of normal myeloid cells, as described previously for
ability of Ber-Abl SH2 mutants to activate STATS directly, wewt Ber-Abl mice38 The difference in the ability of Ber-Abl SH2
measured the amount of activated phospho-STAT5 in NIH3T3 cefisutants to induce cytokine production in vivo versus in the
infected with wt Ber-Abl, Ber-Abl/R1057K, Ber-AblASH2, and  FDCP-1 myeloid cell line may be due to a different cellular context
vector alone (Figure 7B). STAT5 was not activated in vectasr to different environment—eg, growth factor signaling in an in
control NIH3T3 cells serum-starved for 12 hours but was activategvo environment may complement some of the defects of the SH2
in Ber-Abl-expressing NIH3T3 cells under the same conditiomutation. Nevertheless, our results indicate that the changed
(Figure 7B). Interestingly, Bcr-AbNSH2 had a greatly reduced disease latency and phenotype in Ber-Abl SH2 mutant mice is Bot
(approximately 3-fold reduction) ability to activate STAT5 comdue to an altered production of IL-3 and GM-CSF, although \ge
pared with wt Ber-Abl (Figure 7B). However Bcer-Abl/R1057K could not exclude the possibilities that Bcr-Abl may induce
retained the same STATS activation capability as wt Ber-Abbroduction of other cytokines and that the SH2 domain of Bcr-Ag)I
Because both Ber-Abl/R1057K and Ber-AbBH?2 caused a simi- may be important for production of those cytokines.
lar disease in mice, the changed disease phenotype of Bcr-AblThe SH2 domain of Ber-Abl has been shown to play @
SH2 mutants may not be due to the ability of the mutants to actimportant role in interacting with and regulating phosphorylé—
vate STATS. tion of signaling proteins, including p62dok, c-Cbl, Rin-1, ar‘%l
Shcl8-2225The SH2 mutations abrogate the ability of Bcr-Abl t6
either interact or phosphorylate these proteins, which may aﬁ&"ect
Discussion multiple downstream signaling pathways. Of particular interest, &le
SH2 domain of Bcer-Abl has been shown to be required both &)r
Our results show that the SH2 domain of Ber-Abl is not required f@ctivation of the PI-3 kinase/Akt pathway and cellular transforma-
induce a fatal MPD. However, the signaling pathways initiated Hjon .22 However, we found that Akt was activated in Ber-Abl SHE
the SH2 domain of Ber-Abl influence the disease latency adgutant cells in mice (Figure 7A). Although we do not know,
phenotype. Most strikingly, in contrast to wt Bcr-Abl—inducedvhether Akt was activated by Ber-Abl SH2 mutants or by growm
disease, which is rapid and monophasic, the disease caused byf@gor signaling within mice or by both, the ability of Ber-Abl SHZ
Ber-Abl SH2 mutants is biphasic, consisting of an initial Bmutants to activate Akt appears not to account for the chan@ed
lymphocyte expansion followed by a fatal myeloid proliferationdisease latency and phenotype in Ber-Abl SH2 mutant mige.
Although the degree of lymphocytosis is severe, it can be supimilarly, there was no significant difference in Erk activation m
pressed by Ber-Abl-induced MPD. cells isolated from both wt Ber-Abl and Ber-Abl SH2 mutant mlce
The delayed expansion of myeloid cells in Ber-Abl SH2 mutarffFigure 7A). In contrast to the aforementioned signaling pathwa&s
mice is unlikely caused by the preceding B-lymphoproliferativBcr-Abl/ASH2 showed a significantly reduced ability to activae
disorder for the following 2 reasons: (1) Ber-Abl SH2 mutantS$TATS in NIH3T3 cells (Figure 7B). However, the ability of
induced the outgrowth of fewer myeloid colonies from 5-fluorouraBcr-Abl/R1057K to activate STATS is similar to wt Ber-Ablg
cil-treated BM cells than wt Ber-Abl in BM colony assays (data ndFigure 7). Because the pathologic consequences observed in mlce
shown); and (2) the B-lymphoproliferative disorder did not delageceiving either Bcr-Abl/R1057K— or Ber- Ahl/SHZ—transducedO
the MPD induced by wt Bcr-Abl; instead it was suppressed @M cells were similar in all respects except latency, reduced
Ber-Abl-induced MPD in BM mixing experiments (Figure 5).activation of STATS may not account for the phenotypic changes of
These observations indicate that Bcr-Abl SH2 mutants havethke Ber-Abl SH2 mutants. The reduced ability of Ber-AWBH2 in
diminished ability to stimulate myeloid proliferation. activating STAT5 may be due to its reduced kinase activity and may
The mechanism underlying the differences in the diseasascount for the further delay of disease onset compared with
caused by the SH2 mutants and wt Bcr-Abl is not complete§cr-Abl/R1057K. Consistent with the latter notion, STATS has
understood. It appears unlikely to be caused by differences bheen shown to regulate proliferation, differentiation, and apoptosis
tyrosine kinase activity or differences in retroviral titer. In suppoiin hematopoietic celf8 and to play a critical role in myelopoiesis
of the former, both the SH2 point mutant and deletion mutant caugged erythropoiesis in non-steady-state conditions, such as during
nearly identical clinical diseases in mice. Despite the in vitro kinashe rapid expansion of cells under stress/pathologic conditions or
activity being lower in the deletion mutant, the activity in the pointuring embryonic developmefft& In addition, it was found that
mutant is similar to wt Bcr-Abl (Figure 1). The lower kinasedominant-negative STAT5 inhibits the growth of the K562 and
activity in the deletion mutant may only account for a further delag2Dcl3 cells$2-64
of disease onset in Bcr-ASH2 mice compared with Ber-Abl/ CML is a clonal multilineage MPD. Although hypercellularity
R1057K mice (Figure 2). In support of the latter, we haveccurs in multiple lineages such as*Pérythroid and B-lymphoid
previously shown that even though 10-fold dilution in retroviratells, granulocytosis is predominant in CML patients. A similar
supernatant slowed the onset of MPD from 3 weeks to 5 weeksienomenon is observed in the murine model for C¥fClt is not
these mice did not develop the B-lymphocytosis observed in tekear why the disease is manifested as an MPD, even though
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Ber-Abl is expressed in the hematopoietic stem cell compartmesignaling pathways are important for Ber-Abl to block the develop-
in humans and Bcr-Abl has the capacity to transform nearly atient of B lymphocytes.
hematopoietic elements. Our findings that SH2 mutants of Bcr-Abl The TEL/PDGBR fusion protein, generated by t(5;12)(g33;
induced a transient B-lymphoproliferative disorder prior to @13) translocation in a subset of chronic myelomonocytic leuke-
delayed MPD and that the lymphocytosis can be suppressedrhia, was also shown to induce a fatal MPD in mfi€én in vivo
Bcer-Abl-induced MPD (Figures 4,5) indicate that the Bcr-Abl-mutation analysis using the murine BM transduction/transplanta-
induced MPD suppresses lymphoid expansion. Suppression of titd model showed that specific mutations that affect specific
B-lymphoid expansion by the rapidly occurring MPD may be onsignaling pathways have different effects on disease phenétype.
of the mechanisms that account for the lack of B-lymphoprolifer&imilar to Bcr-Abl SH2 mutants, mutation of the tyrosine residues
tive disorder observed in CML patients and in Bcr-Abl mice. Onessential for the binding of PI3K, Nck, Ras-GAP, SHP-2, and
possible mechanism underlying the suppression of B lymphoprolRPLCy in TEL/PDGH3R did not affect the phenotype of the MPD
eration by Bcr-Abl-induced MPD is that myeloid cells maybut extended the disease lateftyHowever, no documented
compete with lymphoid cells for hematopoietic space or cytokingslymphoproliferative disorder occurred prior to the myeloid
required for proliferation of both cell types. Alternatively, Bcr-Abldisease. These data are also consistent with our data showing that
may directly or indirectly induce production of inhibitors forthe B-lymphoproliferative disorder induced by Bcr-Abl SH2
lymphoproliferation. A similar mechanism may prevent erythroidgnutants is not simply a result of delayed MPD. It will be of interest
expansion, because Bcr-Abl is capable of functionally replacing the identify both common signaling pathways important for myelo-
erythropoietin receptor (EpoR) and supporting proliferation, diffeproliferation induced by Bcr-Abl and TEL/PD@R and specific §
entiation, and maturation of fetal liver erythroid progenitors fronsignaling events that lead to B lymphoproliferation in Ber-Abl SH2
EpoR/~ mice® Yet, CML patients do not manifest erythrocytosis mutant mice.
In several in vivo models, Bcr-Abl induces a pre-B (IgM

lymphoblastic leukemi&33440.47:48.50.51In Ber-Abl SH2 mutant
mice, however, we found that many GFB-lymphoid cells were Acknowledgments
surface IgM (slgM*) (Figure 3Bii), suggesting that Bcr-Abl SH2

mutants are not efficient for leukemic transformation in th&/e thank Ben Hentel and Jonathan Schatz for their help on fl

Q
presence of a concomitant MPD. It is possible that the SH2-linkegtometry. Z
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