BCR/ABL inhibition by an escort/phosphatase

fusion protein

Young-Mi Lim**, Stephane Wong**, Gary Lau**, Owen N. Witte**, and John Colicelli**s

*Molecular Biology Institute, "Department of Biological Chemistry, and *Department of Microbiology, Immunology, and Molecular Genetics and Howard

Hughes Medical Institute, University of California, Los Angeles, CA 90095

Edited by Michael H. Wigler, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, and approved August 3, 2000 (received for review June 1, 2000)

Cellular transformation by the BCR/ABL oncogene depends on the
ABL-encoded tyrosine kinase activity. To block BCR/ABL function, we
created a unique tyrosine phosphatase by fusing the catalytic domain
of SHP1 (SHP1c) to the ABL binding domain (ABD) of RIN1, an
established binding partner and substrate for c-ABL and BCR/ABL.
This fusion construct (ABD/SHP1c) binds to BCR/ABL in cells and
functions as an active phosphatase. ABD/SHP1c effectively sup-
pressed BCR/ABL function as judged by reductions in transformation
of fibroblast cells, growth factor independence of hematopoietic cell
lines, and proliferation of primary bone marrow cells. In addition, the
leukemogenic properties of BCR/ABL in a murine model system were
blocked by coexpression of ABD/SHP1c. Both the “escort” function
provided by ABD and the inhibitor function provided by the phos-
phatase of SHP1c were necessary for effective BCR/ABL interference.
Expression of ABD/SHP1c also reversed the transformed phenotype
of K562, a human leukemia-derived cell line. These results have direct
implications for leukemia therapeutics and suggest an approach to
block aberrant signal transduction in other pathologies through the
use of appropriately designed escort/inhibitors.

Iterations in the ABL tyrosine kinase are characteristic

genetic events in multiple forms of leukemia. In humans,
leukemogenic forms of ABL arise from chromosomal translo-
cations. In the resulting fusion proteins, residues encoded by the
first exon of ABL are replaced by sequence from the BCR
protein, resulting in 185-kDa and 210-kDa isoforms or, less
frequently, from the TEL protein (1). In chronic myelogenous
leukemia, p210 BCR/ABL is found in 95% of all cases (2). These
same hybrid proteins can transform cultured cells and induce
leukemia in mice. ABL sequences encoding tyrosine kinase
activity are essential for transformation (3-5). Also present are
ABL regulatory sequences, including Src homology (SH)3, SH2,
and actin-binding domains. The fusion of ABL with BCR leads
to increased kinase activity and an apparent shift in subcellular
localization (6), changes that alter the magnitude and charac-
teristics of downstream signals.

BCR/ABL-induced transformation depends on its continued
expression (7-9). Dominant negative-acting proteins that block
BCR/ABL-mediated transformation of cultured cells have been
described (10-14). These proteins typically rely on disruption of
broadly used signaling components required indirectly for BCR/
ABL function. Ideally, an effective BCR/ABL inhibitor should
directly suppress the activity that most closely correlates with
transformation. The ABL kinase-specific inhibitor STI-571, for
instance, has shown promise as an effective BCR/ABL-suppressing
drug (15).

We propose an alternate approach to inhibition of BCR/ABL
and downstream pathways, using modular peptides to combine
tyrosine phosphatase and ABL-binding functions resulting in
efficient ABL-targeted tyrosine phosphatases.

Protein tyrosine phosphatases (PTPs) (16, 17) might act as
BCR/ABL inhibitors through the dephosphorylation of ABL
and/or its substrates. Overexpression of PTP1B inhibit fibro-
blast transformation by p210 BCR/ABL (18), and this effect may
be caused, in part, by direct dephosphorylation of BCR/ABL
(19). SHP1 (SHPTP1) also can interact with and partially inhibit

the function of c-ABL (20) and BCR/ABL (21). These phos-
phatases may be endogenous down-regulators of ABL that can
inhibit BCR/ABL. Their effectiveness as BCR/ABL suppress-
ers is moderate, however, and may be tempered by deleterious
effects from overexpression. The inhibition potency of these
phosphatases might be improved markedly if they could be
liberated from normal regulation and targeted to BCR/ABL.

RINT is both a substrate and binding partner of ABL (22). RIN1
also interacts with BCR/ABL, and this association is detected in
leukemia-derived cell (23). The ABL binding domain (ABD) of
RINTI interacts with both the SH3 and SH2 domains of ABL (ref.
23; this work). We have used the RIN1-ABD as an “escort” peptide
to deliver the SHP1 tyrosine phosphatase catalytic domain to
BCR/ABL. The resulting escort/inhibitor (ABD/SHP1c) showed
potent suppressive activity against BCR/ABL in a variety of assays
including leukemogenesis. These results suggest a useful strategy
for targeted therapeutic intervention in diseases resulting from
unregulated signaling pathways.

Materials and Methods

Plasmid Construction. The C-terminal portions of SHP1 and SHP2
(gift of Benjamin Neel, Harvard University, Cambridge, MA)
were generated by PCR. Primers introduced EcoRI and Kpnl
sites at 5" ends and EcoR1/BamHI sites at 3’ ends. The products
(SHP1c and SHP2c) were sequenced, digested with Kpnl-
BamH]I, and ligated into a QE60 (Qiagen, Chatsworth, CA)
clone of ABD. ABD/SHP1c®S was created by PCR (oligo:
5'-TAG GAT CCT CAC GCA GGG CCCATCATCGTG CAC
TCC AGC GCC GGC ATC G). Wild-type sequences in pBlue-
script-ABD/SHP1c (EcoNI-Xhol) were replaced with the mu-
tated fragment. An Ncol/Kpnl fragment from pSRa-ABD™
(23) was used to create ABD™/SHP1c in a QE60 vector.
Phosphatase fragments, fusion constructs, and mutants were
released and cloned into retroviral vectors with EcoRI.

Retroviral Vectors and Virus Stocks. Two retrovirus vectors,
pSRaMSVtk (24) and pMSCV (25), were used. pSRa constructs
(Fig. 1) were made as described (23). For other constructs, p210
BCR/ABL was ligated to the internal ribosome entry site (IRES)
and then cloned into pMSCV. Fusion proteins, ABD, and green
fluorescent protein (GFP) cDNAs were inserted into a unique
EcoRI site. In constructs without BCR/ABL, GFP ¢cDNA was
cloned into the IRES position. Retrovirus stocks were prepared by
transient cotransfection of 293T cells with retroviral vectors and
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Fig.1. Escort/inhibitor properties. (A) Depiction of fusion proteins including
the ABD of RIN1 (amino acids 1-295) and the catalyticdomains of SHP1 (SHP1c:
amino acids 250-595) and SHP2 (SHP2c: amino acids 253-593). The sequence
of RIN1 that encodes a RAS binding domain (RBD) that is eliminated in the
fusion proteins. (B) ABD/SHP1c blocks BCR/ABL-induced transformation. Soft
agar colony formation of Rat1 cells infected with virus expressing BCR/ABL
(p185) and the indicated constructs was assayed and normalized to results
from cells receiving BCR/ABL only (566 colonies = 100%). Data represent
mean values and standard deviations from triplicate experiments. (C) Soft
agar colony formation of Rat1 cells infected with v-src and indicated con-
structs. (D) PTP activity measured by using immunoprecipitated material from
extracts of 293 cells transfected with the indicated constructs.

Psi™ ecotropic or amphotropic packaging vector (24, 26). Super-
natants were collected 24-48 h posttransfection. Virus titers were
characterized by immunoblot analysis 48-72 h after infection of
Ratl cells. Human leukemic cells were infected with amphotropic
pseudotyped virus, and fluorescence-activated cell sorting was used
to monitor transfer/expression of GFP.

Soft Agar Colony Assays. Cell transformation was quantified by
growth in soft agar as described (24). Infected cells were grown
for 48 h, and 1 X 10* cells were plated in soft agar per 6-cm dish
in duplicate. Colonies were counted 3 weeks after plating (2
weeks for v-src transformation assays). For K562 cells, 1 X 103
cells were plated and incubated for 2 weeks.

Growth Factor Independence Assays. Growth factor independence
assays were performed as described (5, 27). 32D (gift of Joel
Greenberger, University of Pittsburgh) and DAGM cells were
grown in media containing granulocyte/macrophage colony-
stimulating factor (provided by Judith Gasson, University of Cal-
ifornia, Los Angeles) for 2 days postinfection. Cells then were
washed twice by using media without growth factor and plated into
96-well dishes. Two weeks after infection factor-independent cell
growth was scored.

Bone Marrow Pre-B Cell Assay and Leukemogenesis Assay. Fresh
bone marrow from femurs and tibias of BALB/c mice was
infected with retrovirus and plated at a density of 5 X 10°
cells/6-cm dish (27). The number of nonadherent cells was
counted from day 6 until the cell count reached a density greater
than 2 X 10° cells per ml. Reconstitution experiments were
performed as described (23). Bone marrow cells were injected
into irradiated (200-275 rad) severe combined immunodeficient
(SCID) mice within 6 h of infection.

Immunoprecipitation (IP) and Immunoblotting. Cell lysates were
prepared by using RIPA buffer (0.15 mM NaCl/0.05 mM TrissHCl,
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pH 7.2/1% Triton X-100/1% sodium deoxycholate/0.1% SDS) as
described (22), incubated with polyclonal anti-Abl (Oncogene
Research Products, Cambridge, MA) and immunoprecipitated by
using protein A-Sepharose (Amersham Pharmacia). Immunoblot-
ting was performed as described (22) with minor modifications.
Monoclonal anti-SHP1 (Transduction Laboratories, Lexington,
KY) and pex-5, a monoclonal anti-Abl, were used to detect ABD/
SHP1cand BCR/ABL, respectively. Polyclonal anti-RIN1 (22) and
anti-phosphotyrosine (Upstate Biotechnology, Lake Placid, NY)
were used to analyze fusion protein expression and cellular phos-
photyrosine levels, respectively. Immunoreactive proteins were
visualized by using ECL (Amersham Pharmacia).

IP-PTP Assays. Whole-cell extracts were prepared from trans-
fected 293T cells or infected Ratl cells. IP was performed with
anti-SHP1 antibody using normalized total cellular protein. IP
material was assayed for PTP activity (New England BioLabs)
by using 33P-labeled myelin basic protein as substrate. Units of
activity are reported in picomole phosphate released per min.

Cell Staining and Immunofluorescence. Benzidine staining was
performed as described (28). Infected K562 cells were grown for
48 h before staining. Immunofluorescence assays were carried
out as described (6) with modifications. Anti-SHP1 and poly-
clonal anti-Abl were used for SHP1lc or ABD/SHPIc and
BCR/ABL immunolocalization, respectively. Secondary anti-
bodies were FITC-conjugated goat anti-rabbit and CY3-
conjugated goat anti-mouse (Jackson Laboratories).

Results

ABD/SHP1c Is a Potent Escort/Inhibitor of BCR/ABL. The amino
terminal 295 residues of RIN1 encode an ABD that mediates
interactions with c-:ABL and BCR/ABL (22, 23). To test the
feasibility of using the RIN1 ABD for targeted inhibition of
BCR/ABL, we created fusions of ABD to the catalytic domains
of SHP1 and SHP2, two tyrosine phosphatases that encode
tandem SH2 domains (Fig. 14). The resulting fusion proteins
(ABD/SHP1c and ABD/SHP2c) were expressed from retrovi-
ral vectors, and each product showed the expected molecular
weight (data not shown).

We next tested whether these fusion proteins could block
transformation by BCR/ABL. The ABD/SHP1c fusion protein
produced a 92% reduction in the number of soft agar colonies
resulting from p185 BCR/ABL expression in Ratl fibroblasts
(Fig. 1B). In addition, the size of the remaining colonies was
reduced. Similarly, p210 BCR/ABL was strongly inhibited by
ABD/SHPIc (data not shown). Expression of the ABD/SHP1c
fusion protein in wild-type cells (no BCR/ABL) had no dele-
terious effects; these cells were cultured extensively without loss
of ABD/SHP1c expression. The SHP2 catalytic domain fusion
exhibited a much weaker suppressive effect; colony size was
significantly decreased but colony number was unchanged.

The transformation suppression effects observed with ABD/
SHP1c were specific to BCR/ABL. When introduced with v-src,
ABD/SHP1c had only a weak effect (30% reduction) on soft
agar colony formation (Fig. 1C). The same result was seen for
ABD, however, suggesting signaling interference that might
result from low level interaction with SRC (22). ABD/SHP1c
had no effect on H-RASY'?-transformed cells (data not shown).
These data support the model that ABD/SHPIlc acts as a
targeted phosphatase.

Both Escort and Inhibitor Domains Are Required for BCR/ABL Sup-
pression. We next tested whether the fusion protein was associ-
ated with BCR/ABL. Extracts from cells transfected with a
retrovirus construct expressing both ABD/SHP1c and p210
BCR/ABL were prepared and analyzed by IP with an ABL
antibody followed by Western blot probing with antibodies to
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Fig.2. The ABD escort domain promotes binding to BCR/ABL. Immunoblot
of material immunoprecipitated from infected Rat1 cells. Lanes 1, Mock
infection; lanes 2, p210 (BCR/ABL) only; lanes 3, p210 with ABD/SHP1c; lanes
4, p210 with ABD™/SHP1¢; lanes 5, p210 with ABD/SHP1c®. Molecular mass
markers are shown at left. IB, immunoblot.

ABL, SHP1, or RIN1 ABD. The results confirm that ABD/
SHPIc is indeed bound to p210 BCR/ABL in cells (Fig. 2).
Similar results were obtained with the p185 BCR/ABL allele
(data not shown).

The ABD of RIN1 encodes three tyrosine residues that are
substrates for ABL-mediated phosphorylation. We previously have
shown that, unlike wild-type ABD, an ABD construct harboring
mutations in all three tyrosine residues (ABD™) cannot rescue the
transforming activity of a mutant p185 BCR/ABL (23). The
ABD™ construct also shows greatly reduced binding to BCR/
ABL (Y.-M.L. and J.C., unpublished data), confirming the require-
ment of direct binding for ABD enhancement of BCR/ABL
transformation. As predicted, an ABD™/SHP1c fusion protein
showed extremely weak association with BCR/ABL (Fig. 2). These
cells also gave soft agar colonies at approximately the same
frequency as cells expressing BCR/ABL alone (Table 1). This
result demonstrated the requirement for BCR/ABL binding by the
escort domain (ABD) in transformation blockade.

We confirmed that both the ABD/SHP1c and ABD/SHP2c
fusion proteins are functional tyrosine phosphatases. Extracts
from 293 cells transfected with ABD/SHP1c had a significant
level of tyrosine phosphatase activity that was immunoprecipi-
tated by using antibody to the SHP1 domain (Fig. 1D). Cells
transfected with SHP1c only and subjected to an IP phosphatase
assay also showed activity well above what could be accounted
for by endogenous SHP1 (mock-infected cells). We also exam-
ined Ratl cells infected with either ABD/SHP1c or ABD/
SHP2c viruses, by using antibody to ABD, and detected com-
parable levels of PTP activity (data not shown). However,
ABD/SHP2c showed much weaker BCR/ABL suppression
activity than ABD/SHP1c (Fig. 1B), suggesting an intrinsic

Table 1. Transformation blockade by ABD/SHP1c requires both
escort and phosphatase functions

Infection No. of soft agar Colony
constructs colonies/104 cells size
Mock 0
BCR/ABL
+ GFP 343 £+ 73 (n = 8) Med-large
+ ABD/SHP1c 37 +9(n=05) Small
+ ABD/SHP1cSs 303 £ 76 (n=05) Med-large
+ ABD™/SHP1c 372 87 (n=6) Med-large

Rat1 cells were infected with retrovirus constructs expressing p210 BCR/
ABLandthe indicated gene then was cultured in soft agar. Colony number and
average size were determined after 3 weeks (small, 0.3-0.5 mm; med, 0.5-1
mm; large, >1 mm).
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Fig. 3. ABD/SHP1c is colocalized with BCR/ABL. Rat1 cells expressing ABD/
SHP1c (A-C) or SHP1c (D-F) were subjected to staining with SHP1 antibody
(red). Cells also expressing p210 BCR/ABL were stained with either DAPI
(4',6-diamidino-2-phenylindole) to detect nuclei (green; B and E) or ABL
antibody (green; C and F). Endogenous SHP1 was barely detectable in these
cells (data not shown).

difference between the tyrosine phosphatase catalytic domains
in their ability to suppress BCR/ABL signaling.

We considered that the SHPlc domain might be acting
through steric inhibition rather than its enzymatic properties.
This possibility was examined by introducing a mutation (Cys*3/
Ser) that eliminates tyrosine phosphatase enzymatic activity
(16). The ABD/SHP1c®S construct retained the ability to in-
teract with BCR/ABL when both proteins were expressed in
Ratl cells (Fig. 2). However, ABD/SHP1c®® failed to inhibit
BCR/ABL-dependent transformation (Table 1). This result is
consistent with a requirement for tyrosine phosphatase activity
in the transformation blockade.

Subcellular Localization of ABD/SHP1c. The BCR/ABL protein is
sequestered primarily in the cytoplasm, and this localization is
required for transformation and tumorigenesis (6). The ABD/
SHPI1c fusion protein, however, was found primarily in the
nucleus of infected Ratl cells stained with anti-SHP1 (Fig. 34),
or by direct fluorescence detection of an ABD/SHP1c/GFP
fusion protein (data not shown). This localization appeared to be
directed by the SHP1c domain; SHP1c alone showed nuclear
localization in the presence or absence or BCR/ABL (Fig. 3 D
and E). Wild-type SHP1, which has two SH2 domains, is known
to be cytoplasmic (29), but translocates into the nucleus after cell
stimulation (30). Examination of the SHP1lc amino acid se-
quence revealed lysine- and arginine-rich regions similar to
nuclear localization signals (31) near the carboxyl terminus that
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Fig.4. Alterationsin phosphotyrosine profile correlate with transformation
suppression. Extracts from Rat1 cells mock-infected (lane 1), infected with
p210 BCR/ABL virus (lane 2), or infected with an ABD/SHP1c and BCR/ABL
virus (lane 3) were analyzed by immunoblot (IB) by using phosphotyrosine
antibody. BCR/ABL and ABD/SHP1c are indicated with arrows. Bands with the
greatest reduction in signal intensity are marked with arrowheads. Upper and
lower panels are derived from different exposures of the same immunoblot.
Molecular mass markers are presented at left.

could mediate this sequestration. The ABD peptide itself is
primarily cytoplasmic (data not shown), suggesting that targeting
signals within the SHP1c domain are dominant in ABD/SHP1c
localization.

Strikingly, in Rat1 cells that coexpress p210 BCR/ABL there
is a dramatic shift of ABD/SHPIc into the cytoplasm (Fig. 3C)
with both proteins colocalized. This result depended on the ABD
sequences because no such redistribution was observed in cells
expressing SHP1c only with BCR/ABL (Fig. 3F). The localiza-
tion of ABD/SHPIc, therefore, is altered by the presence of its
target, BCR/ABL.

Altered Tyrosine Phosphorylation in BCR/ABL Cells Expressing ABD/
SHP1c. To determine the physiological substrates of the escort/
phosphatase, we analyzed the profile of tyrosine-phosphorylated
proteins from Ratl cells expressing BCR/ABL with or without
ABD/SHPIc. The level of tyrosine phosphorylation on BCR/ABL
itself was reduced in cells that also expressed the ABD/SHP1c
construct (Fig. 4), although total BCR/ABL protein levels were
equivalent. An examination of other tyrosine-phosphorylated cel-
lular proteins in cells expressing BCR/ABL revealed that ABD/
SHP1c had a clear suppressive effect although some substrate
signals showed greater reduction than others. In particular, bands
migrating at 100 kDa, 90 kDa, 60 kDa, and 35 kDa had significantly
reduced intensity in extracts from ABD/SHPIc-expressing cells
(Fig. 4). The data also demonstrate that the ABD/SHP1c fusion
protein itself is tyrosine-phosphorylated to a large degree. We
previously have shown that the ABD of RIN1 is a substrate for both
c-ABL and BCR/ABL. Under some conditions, c-ABL also is
known to phosphorylate SHP1 on residues that are present in the
ABD/SHPIc construct (20). However, tyrosine phosphorylation
on the escort/phosphatase indicates little or no autodephosphory-
lation activity. This may reflect steric hindrance that blocks the
reaction or substrate specificity of SHP1 that prohibits recognition
of ABD.

ABD/SHP1c Blocks BCR/ABL Action in Hematopoietic Cells in Vitro. We
next assessed the ability of ABD/SHPIc to block the effects of
BCR/ABL in hematopoietic cells. DAGM (32) and 32D (33) are
myeloid cell lines that normally require a growth factor supple-
ment (e.g., granulocyte/macrophage colony-stimulating factor)
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Table 2. Repression of BCR/ABL-induced growth factor
independence by ABD/SHP1c

% of Cultures that proliferate

32D DAGM
Retrovirus construct *104 103 103 102
Vector 0 0 0 0
ABD/SHP1c+GFP 0 0 0 0
GFP+BCR/ABL 87 34 84 34
ABD/SHP1c + BCR/ABL 68 6 37 6
GM-CSF 100 100 100 100

32D and DAGM cells were infected with the indicated retrovirus construct
(p210 BCR/ABL was used in 32D cells; p185 BCR/ABL was used in DAGM cells)
and plated into 32-well dishes at 102, 103, or 10* cells/well. As a control,
uninfected cells were plated into growth factor (granulocyte/macrophage
colony-stimulating factor, GM-CSF) supplemented medium. The percent of
wells that showed cell growth after 13 days is reported.
*Cells/culture.

to propagate in culture. Expression of BCR/ABL confers
growth factor independence to these cells (34). DAGM and 32D
cells were infected with retrovirus constructs then plated at
multiple densities in medium without growth factor supplemen-
tation. Cells infected with ABD/SHPI1c or vector showed no
growth whereas cells receiving BCR/ABL gave rise to prolifer-
ating cells in 34% of low-density independent cultures (Table 2).
In contrast, a virus expressing both ABD/SHP1c and BCR/ABL
produced growth in only 6% of equivalent cultures. Suppression
of growth factor independence by ABD/SHP1c was more pro-
nounced in low-density cultures (Table 2) and at earlier time
points (data not shown) perhaps reflecting a “conditioned
medium” effect. The eventual appearance of a stable prolifer-
ation phenotype may result from genetic or epigenetic alter-
ations that reduce expression of the escort/phosphatase relative
to BCR/ABL. Such changes, although expected to be infre-
quent, are strongly selected for in this experimental system.

We also examined the in vitro proliferation of murine bone
marrow cells in response to BCR/ABL expression (27). These
cells can be induced to proliferate in culture by BCR/ABL under
conditions that normally would not allow their growth. As shown
in Fig. 5, the inclusion of ABD/SHPIc led to a marked sup-
pression of BCR/ABL effects, as seen by a 2.9- to 5.5-fold
decrease in outgrowth of the cultures. These results demonstrate
that ABD/SHPIc can indeed block BCR/ABL action in the
context of hematopoietic cells.

The Escort/Phosphatase Fusion Inhibits Leukemogenesis in Vivo. De-
velopment of cancers in a murine model system closely approx-
imates the complexity of de novo human tumorigenesis. Some
genetic alterations that result in transformation of cultured cells
do not produce tumors in mice, and many transformation
inhibitors that potently arrest isolated tumor cells prove inef-
fective in animal systems. To assay the leukemia suppression
properties of the fusion protein, sublethally irradiated SCID
mice were reconstituted with BALB/c-derived bone marrow
cells infected with equal titers of virus constructs expressing GFP
+ p210 BCR/ABL, ABD/SHP1c + GFP, or ABD/SHPI1c +
p210 BCR/ABL. Mice receiving GFP + BCR/ABL began to
develop leukemias after 21 days with 75% dead after 26 days. By
46 days all had succumbed to leukemia (Fig. 6). In contrast,
animals that received ABD/SHP1c + p210 BCR/ABL did not
show disease symptoms until day 35 and showed only 50%
lethality at day 62. These results demonstrate that the ABD/
SHP1c fusion protein can substantially block leukemogenesis in
an in vivo system, a property not previously attributed to any
natural or artificial protein product. The mice that received the

Lim et al.
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Fig. 5. ABD/SHP1c inhibits BCR/ABL-induced primary bone marrow cell

proliferation. Murine bone marrow cells were infected with retroviral con-
structs expressing either the p185 or p210 form of BCR/ABL. Each construct
alsoincluded either GFP or ABD/SHP1c. Cell numbers were determined at days
7 and 9 after infection. Mean cell count values from triplicate data sets are
presented with standard deviations.

ABD/SHP1c + GFP construct showed no signs of disease after
90 days (Fig. 6).

Suppressed Transformation and Induced Differentiation of Human
Leukemic Cells by ABD/SHP1c. The cell culture and murine model
systems described above demonstrate the ability of ABD/SHP1c
to block the initiation and/or establishment of transformation by
BCR/ABL. Chronic myelogenous leukemia-derived human cell
lines, such as K562 (35), express BCR/ABL but may use some
downstream effectors distinct from those recruited by ectopically
expressed BCR/ABL in infected murine cells. In addition, the
compound mutations typically found in human cancer cells
might reduce the effectiveness of a direct BCR/ABL inhibitor.
We therefore tested whether ABD/SHP1c¢ could reverse the trans-
formed phenotype of long-term cultured human leukemia cells.
K562 cells were infected with retroviruses encoding ABD/
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Fig. 6. Suppression of BCR/ABL-induced murine leukemia by ABD/SHP1c.
SCID mice were reconstituted by using bone marrow cells infected with
retrovirus constructs encoding GFP + p210 BCR/ABL (A, nine mice), ABD/
SHP1c + p210 BCR/ABL (®, nine mice), or ABD/SHP1c + GFP (®, three mice).
All deaths were diagnosed as leukemias based on gross, microscopic, and FACS
analysis. Survival data are presented as a Kaplan-Meyer plot. (Inset) p210
BCR/ABL expression from infected fibroblast cells demonstrating that equiv-

alent virus titers were used for bone marrow infection (lane 1, mock; lane 2,
GFP + p210; lane 3, ABD/SHP1c + p210).
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Fig. 7. Expression of ABD/SHP1c reverts the transformed phenotype of a
chronic myelogenous leukemia line. (A) K562 cells were infected with the
indicated virus (59% infection efficiency for ABD/SHP1c). Soft agar colonies
that expressed GFP were counted and mean (duplicate) values were reported
as a percentage (vector = 478 + 25 colonies, all GFP positive; ABD/SHP1c =
228 = 14 colonies, none GFP positive). (B) Globin expression was examined by
benzidine staining in K562 cells infected with the indicated virus construct
(95% infection efficiency for ABD/SHP1c). Vector only, 3% of cells stained
positive (arrows). ABD/SHP1c, 73% of cells stained positive.

SHP1c or no insert (vector). Each virus also included GFP to
facilitate the identification of infected cells. The normalized
results showed a strong reduction in colony number by ABD/
SHP1c (Fig. 74), consistent with a reversal of at least some
transformation-associated phenotypes.

K562 cells enter an erythrocyte differentiation pathway after
pharmacological inhibition of p210 BCR/ABL (36). Similarly, we
found that ABD/SHP1c induced hemoglobin production in K562
cells, as judged by benzidine staining (Fig. 7B). This result indicates
that these fully transformed cells, which have exited the normal
differentiation pathway, can be induced to reenter a hematopoietic
pathway by a targeted phosphatase. Taken together, these data
demonstrate that ABD/SHPIc is able to inhibit the function of
endogenous BCR/ABL in a human leukemia cell line.

Discussion

Cellular transformation by the BCR/ABL oncoprotein, both in
vitro and in vivo, absolutely depends on tyrosine kinase activity. We
have demonstrated that it is possible to co-opt the natural ABL
binding property of RIN1 to create an escort/phosphatase that
effectively suppresses transformation by BCR/ABL. This property
depended on BCR/ABL binding as well as tyrosine phosphatase
activity. In addition, the signal block was specific to BCR/ABL and
had little or no effect on transformation by other oncoproteins.
The SHP2 catalytic domain had only a weak effect on trans-
formation by BCR/ABL, although the ABD/SHP2c protein
showed tyrosine phosphatase activity. These results suggest that
the SHP1 and SHP2 catalytic domains encode determinants of
substrate specificity. SHP1 expression is confined primarily to
hematopoietic cells (37), where wild-type ABL is active, and
SHP1 mutant mice show extensive defects in lymphocyte devel-
opment (38). Some endogenous substrates of SHP1 have been
identified (29). Others may include ABL-phosphorylated pro-
teins required for cellular transformation. Indeed, overexpres-
sion of SHP1 has been reported to give a 2-fold reduction in
BCR/ABL-mediated stress-activated protein kinase activation
and fibroblast transformation (21). The tyrosine phosphatase
PTP1B is another proposed negative regulator of BCR/ABL.
PTP1B protein levels were induced after p210 BCR/ABL
expression, and the two proteins were found in association (18).
In addition, overexpression of PTP1B gave a 2- to 2.5-fold
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reduction in p210 BCR/ABL-mediated transformation (19).
Our results demonstrate that an appropriate tyrosine phospha-
tase, when detached from its regulatory domains and appended
to an ABL binding sequence, can potently suppress the trans-
formation properties of BCR/ABL in fibroblasts and a human
leukemia cell line with no apparent deleterious effects on normal
cells.

Unexpectedly, the SHP1 catalytic domain construct was localized
primarily to the nucleus, suggesting that the amino terminus and
SH2 domains of the endogenous SHP1, known to be involved in
regulation of catalytic activity (39, 40), may serve an important
function in cytoplasmic retention of the protein. Nuclear localiza-
tion signals in the SHP1 catalytic domain were also sufficient to
retain most of the ABD/SHPIc fusion protein in the nucleus,
despite the fact that RIN1 and ABD alone are normally cytoplas-
mic. This nuclear sequestration may be important in preventing
deleterious effects from the escort/phosphatase. The shift to
cytoplasmic localization in cells expressing BCR/ABL is consistent
with a high affinity association between the ABD/SHP1c fusion
protein and the primarily cytoplasmic oncoprotein.

There was a marked reduction in the phosphotyrosine content of
BCR/ABL in cells expressing ABD/SHP1c. Several cellular pro-
teins, normally tyrosine-phosphorylated in cells expressing BCR/
ABL, also showed reduced phosphorylation when ABD/SHP1c
was expressed. This could reflect a reduction in the tyrosine kinase
activity of BCR/ABL. However, some signals were suppressed to
a greater extent than others. This finding suggests that ABD/
SHP1c may function to directly dephosphorylate BCR/ABL sub-
strates—with a stronger activity toward some (Fig. 8). A “substrate
trap” (41) mutant form of this escort/phosphatase might capture
these preferred physiological substrates.

Expression of ABD/SHPIc also suppressed the effects of
BCR/ABL in hematopoietic cells, as determined by growth
factor independence assays and primary bone marrow prolifer-
ation assays. In all cases, reductions and delays in transformation
effects were observed. In addition, the escort/phosphatase
construct strongly restrained the leukemogenic properties of
BCR/ABL in a murine model system. It should be noted,
however, that the level of BCR/ABL expression in the retrovi-
rus-infected bone marrow cells likely exceeds that found in
naturally occurring chronic phase leukemic cells, resulting in a
highly stringent assay of functional blockade. These findings
suggest that ABD/SHP1c (or a derivative construct) could be an
effective inhibitor of leukemogenesis and both high-efficiency
viral vectors and direct protein uptake (42) delivery systems are
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Fig.8. Model of ABD/SHP1c-mediated inhibition of BCR/ABL signaling. The
ABD of the fusion protein directs binding to BCR/ABL through complemen-
tary interactions with the SH2 and SH3 domains of ABL (23). This brings the PTP
domain (SHP1c) of the fusion protein into proximity with the ABL kinase
domain. The active PTP may inhibit signaling by reversing the autophosphor-
ylation of ABL (A) and/or by releasing phosphate from newly phosphorylated
ABL substrates (B).

being pursued for this purpose. Such affinity-guided inhibitors
could function to augment the therapeutic benefits of drugs such
as STI-571 that block ABL kinase activity. This approach might
enhance long-term treatment regimens where spontaneous drug
resistance can emerge from expanding populations of BCR/
ABL-expressing cells. In addition, our findings suggest that the
escort/inhibitor fusion strategy may prove useful in targeting
signal transduction components involved in other disease states.
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