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RAPID COMMUNICATION

Gene Therapy for Chronic Myelogenous Leukemia (CML): A Retroviral
Vector That Renders Hematopoietic Progenitors Methotrexate-Resistant and

CML Progenitors Functionally Normal and Nontumorigenic In Vivo

By Robert C.H. Zhao, R. Scott McIvor, James D. Griffin, and Catherine M. Verfaillie

Chronic myelogenous leukemia (CML) is a malignant disease BCR/ABL mRNA and p210BCR/ABL protein levels by 6- to 10-
fold in most cells. This subsequently led to the restorationof the human hematopoietic stem cell caused by the BCR/

ABL gene rearrangement. The only curative therapy is allo- of normal function of BCR/ABL cDNA" cells: they grew sig-
nificantly slower in the presence of interleukin-3 (IL-3); theygeneic transplantation. Although autologous transplants

may prolong survival, most patients relapse because of dis- underwent apoptotic cell death when cultured without IL-3;
and they had restored expression and function of adhesionease persisting in the host and in the graft. Continued admin-

istration of chemotherapy after transplant could reduce the receptors. These effects were specific, because LasBD-con-
taining AS sequences directed at the b3a2 BCR/ABLincidence of relapse provided that the autograft can be pro-

tected by transfer of a drug-resistance gene. However, CML breakpoint did not affect p190BCR/ABL-containing cells. LasBD
also rendered 20% to 30% of primary PhÏ and Ph" CD34"autografts will almost certainly contain malignant stem cells

that will also be rendered drug-resistant. The presence of cells MTX-resistant and decreased BCR/ABL mRNA levels in
MTX resistant Ph" CD34" cells by 10-fold. Expression of thethe BCR/ABL oncoprotein is necessary and sufficient for ma-

lignant transformation seen in CML. We thus hypothesized MTX-resistant DHFR gene and the AS sequences has been
stable for at least 1 year in vitro and for more than 70 daysthat transfer of a vector that combines a drug-resistance

gene with anti-BCR/ABL antisense (AS) sequences may in vivo. Finally, LasBD decreased tumorigenicity of
32DBCR/ABL cells in vivo by 3 to 4 logs. In conclusion, theallow for posttransplant chemotherapy to decrease persis-

tent disease while rendering inadvertently transduced CML tyr22-DHFR gene in the LasBD vector can protect normal
hematopoietic cells from MTX-mediated toxicity, whereasstem and progenitor cells functionally normal. We con-

structed a retroviral vector, LasBD, that combines the meth- the AS sequences in LasBD can suppress expression of the
BCR/ABL gene and restore normal function of BCR/ABLotrexate (MTX)-resistant tyrosine-22 dihydrofolate-reduc-

tase (tyr22-DHFR) gene and AS sequences directed at the cDNA-containing cells. The LasBD vector may therefore
prove to be an extremely useful adjunct in autologous trans-b3a2 BCR/ABL breakpoint. b3a2 BCR/ABL containing 32D

and MO7e cells were transduced with LasBD and selected plantation for CML.
q 1997 by The American Society of Hematology.in MTX for 14 days. Expression of the AS sequences reduced

tributed to the presence of the BCR/ABL mRNA andC p210BCR/ABL tyrosine kinase.4,5 Several studies have shown
HRONIC MYELOGENOUS leukemia (CML) is a ma-
lignant disease of the hematopoietic stem cell1 charac-

that elimination of the BCR/ABL mRNA with breakpoint-terized by the Philadelphia chromosome (Ph)2 and the BCR/
specific antisense (AS) oligodeoxynucleotides or anti-BCR/ABL gene rearrangement.3 A number of studies have shown
ABL AS-containing vectors results in normalization of thethat the BCR/ABL-derived oncoprotein, p210BCR/ABL, is nec-
phenotypic characteristics of Ph/ progenitors.15 We hypothe-essary and sufficient for malignant transformation.4,5 The
sized that cotransduction of a methotrexate (MTX)-resis-only curative treatment for CML is transplantation of stem
tance gene with anti-BCR/ABL antisense sequences maycells from a related or unrelated donor.6,7 Although trans-
render normal hematopoietic cells MTX-resistant and restoreplantation of autologous bone marrow or peripheral blood

progenitors may restore Ph0 hematopoiesis in a fraction of
patients,8 most patients relapse within 1 year after trans-
plantation. This is due in part to contamination of the graft From the Stem Cell Biology Program, Department of Medicine

and Institute of Human Genetics and Department of Laboratorywith Ph/ cells9 and in part to disease persisting in the host
Medicine and Pathology, University of Minnesota, Minneapolis,after the preparative regimen.10 This finding shows the need
MN; and the Department of Medicine, Dana-Farber Cancer Insti-for new approaches to eliminate minimal residual disease.
tute, Boston, MA.One approach to reduce relapse is to continue administra-

Submitted April 15, 1997; accepted September 23, 1997.tion of chemotherapy after transplantation. However, these
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chemotherapeutic agents will not only affect Ph/ stem and RO1-HL-54039, RO1-CA-60803, and PO1-CA-65493 and Leukemia
progenitor cells but also normal stem cells. Transduction of Society of America Grant No. LSA-6377. Also supported by the
normal stem cells with a drug-resistance gene may allow use University of Minnesota Bone Marrow Transplant Research Fund
of posttransplant chemotherapy that will suppress residual and the University of Minnesota Hospitals and Clinics. C.M.V. is a

Scholar of the Leukemia Society of America.leukemia but selectively protect the genetically modified nor-
Address reprint requests to Catherine M. Verfaillie, MD, Depart-mal hematopoietic cells from the toxic effects of chemother-

ment of Medicine, University of Minnesota, Box 480 UMHC, 422apy.11-14 However, the autograft that can be obtained from
Delaware St SE, Minneapolis, MN 55455.blood or marrow of CML patients will likely contain malig-

The publication costs of this article were defrayed in part by page
nant, Ph/ stem and progenitor cells. It is likely, therefore,

charge payment. This article must therefore be hereby marked
that a fraction of Ph/ stem cells in the graft will be trans- ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
duced with the drug-resistance gene, protecting these cells indicate this fact.
from chemotherapy administered after transplantation. q 1997 by The American Society of Hematology.

0006-4971/97/9012-0038$3.00/0The malignant phenotype of CML progenitors can be at-
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Table 1. Synthetic Oligonucleotides, Primers, and Probe for Amplification of BCR/ABL mRNA and cDNA, b-Actin mRNA, and AS mRNA

Purpose Sequence

Modified AS sequence 5*-GCTCTCTATAGAAGGGCTTTTGAACTCTGCGAAGGGCTTTTGAACTCTGC-3*

AS mRMA RT-PCR Primer A 5*-GCAAGCTTCTCGAGGCTCTCTATAGAAGG-3*

Primer B 5*-CTGCAGGCAGAGTTCAA-3*

Probe C 5*-GAAGGGCTTTTGAACTCTGCGAAGGGG-3*

b3a2 BCR/ABL mRNA RT-PCR Primer D 5*-GGAGCTGCAGATGCTGACCAAC-3*

Primer E 5*-TCAGACCCTGAGGCTCAAAGTC-3*

Probe F 5*-GCTGAAGGGCTTTTGAACTCTGCTTA-3*

ela2 BCR/ABL mRNA RT-PCR Primer G 5*-GTTGTCGTGTCCGAGGCC-3*

Primer H 5*-TCAGACCCTGAGGCTCAAAGTC-3*

Probe I 5*-GGCCGCTGAAGGGCTTCTGCG-3*

b-actin mRNA RT-PCR Primer J 5*-TACCTCATGAAGATCCTCA-3*

Primer K 5*-TTCGTGGATGCCACAGGAC-3*

Probe L 5*-CCATCTCTTGCTCGAAGTC-3*

serum (FCS; Hyclone, Logan, UT) and L-glutamine (Sigma).normal function of drug-resistant Ph/ cells. This would then
LasBD-transduced 32Dp210 cells (LasBD-32Dp210) and LasBD-trans-allow administration of MTX after transplantation to sup-
duced 32Dp190 cells (LasBD-32Dp190) were maintained in IMDMpress the Ph/ clone while protecting dihydrofolate-reductase
supplemented with 20% FCS and 20% conditioned medium derived(DHFR)-containing normal hematopoietic cells from MTX
from a previously described recombinant murine (rMu) interleukin-toxicity and abrogating the malignant CML phenotype from
3 (IL-3) producing cell line.22 MO7e (MYN) and MO7ep210 (MBA-

MTX-resistant Ph/ progenitors. 4) cells were kindly provided by Dr John Dick (Hospital for Sick
Children, Toronto, Ontario, Canada).23 MO7e and LasBD transduced

MATERIALS AND METHODS MO7ep210 cells (LasBD-MO7ep210) were maintained in IMDM sup-
plemented with 10% FCS and 5 ng/mL recombinant human (rh) IL-Vector Construction
3 (R&D Systems, Minneapolis, MN). MO7ep210 cells were main-

The retroviral vector LasBD contains the murine tyr22DHFR
tained in IMDM and 10% FCS.

gene16 transcriptionally regulated by an internal b-actin promoter
and two 20-mer anti-b3a2 AS-modified sequences regulated by the

Primary Marrow ProgenitorsMoloney murine leukemia virus (MoMuLV) long terminal repeat
(LTR). The double copy modified AS unit (Table 1) was synthesized Heparinized bone marrow was obtained from normal individuals
by overlapping polymerase chain reaction (PCR) using a 5* oligonu- and patients with BCR/ABL mRNA-positive chronic-phase CML,
cleotide to incorporate both HindIII and Xho I restriction sites up- after obtainining informed consent, using guidelines from the Com-
stream (5*-GCAAGCTTCTCGAGGCTCTCTATAGAAGG-3*) and mittee on the use of Human Subjects for Clinical Research at the
a 3* oligonucleotide to incorporate a Pst I restriction site downstream University of Minnesota. CD34/ HLA-DR/ and CD34/ HLA-DR0

(5*-GCCATCGATCTGCAGGCAGAGTTCAAAAGCCCTTCGC- cells were selected by avidin-biotin column selection followed by
AGAGTTCAAAAGCCCTTCTATAGAGAGCCTC-3*; synthesized fluorescence-activated cell sorting (FACS) as described.24 In CML,
by National Biosciences, Inc, Plymouth, MN). The modified anti- CD34/ HLA-DR/ cells are highly enriched in Ph/, BCR/ABL
b3a2 breakpoint double AS unit was amplified by 10 cycles of PCR mRNA/ cells.24

(947C for 50 seconds, 657C for 30 seconds, and 727C for 50 seconds).
The Xho I/BamHI b-actin fragment from pgag b-actin (kindly pro- MTX Sensitivity of Ph/ and Normal Colony-Forming Cells
vided by Dr James Wilson, University of Pennsylvania, Philadelphia, (CFC) and Long-Term Culture-Initiating Cells (LTC-IC)
PA) was cloned into the Sal I/BamHI site of pUC19 (Promega,

CFC. CML and normal CD34/ HLA-DR/ cells (5 1 103) wereMadison, WI) and the AS fragment inserted between HindIII and
plated in semisolid methylcellulose progenitor culture containingPst I, upstream of b-actin. The AS-b-actin sequence (Xho I/BamHI)
IMDM, 1.2% methylcellulose, 1004 mol/L 2 mercaptoethanol, 20was then cloned between the 5*LTR and the tyr22-DHFR gene in
mg/mL bovine serum albumin, 10 mg/mL insulin, 200 mg/mL trans-the retroviral vector construct pLDtyr22.17

ferrin (all from Sigma), 100 U/mL penicillin and streptomycin
(GIBCO/BRL, Grand Island, NY), 5 ng/mL IL-3, 5 ng/mL granulo-Vector Packaging
cyte colony-stimulating factor (Neupogen; Amgen, Thousand Oaks,

LasBD was shuttle-packaged through GP / E8618 cells into CA), 5 ng/mL stem cell factor (SCF; kindly provided by Amgen),
PG1319 or PA31720 cells. Transduced PG13 or PA317 cells were and 3 U erythropoietin (Epogen; Amgen) with increasing MTX con-
subcultured in RPMI containing 20% new born calf serum (Sigma, centrations (10010 to 1006 mol/L MTX). After 14 days, colonies were
St Louis, MO) and 0.25 mmol/L MTX (Sigma). After 2 weeks, enumerated as previously described.24

individual clones were harvested, expanded, and screened for high LTC-IC. Normal CD34/ HLA-DR0 cells and CML CD34/
titer virus producers. The viral titer of PG13-LasBD was 8 1 106

HLA-DR/ (containing largely Ph/ LTC-IC)24 cells (1 1 104) were
cfu/mL (determined using HeLa cells) and that of PA317-LasBD 3 cultured in IMDM with 20 mg/mL bovine serum albumin, 10 mg/
1 106 cfu/mL (determined using NIH-3T3 cells). mL insulin, 200 mg/mL transferrin (Sigma), 100 U/mL each penicil-

lin and streptomycin, 5 ng/mL IL-3, 5 ng/mL IL-6 (Genetics Insti-
Hematopoietic Cell Lines tute, Boston, MA), and 5 ng/mL SCF with increasing concentrations

of MTX (10010 to 1006 mol/L MTX). After 1 week, cells were32Dp210 cells and 32Dp190 cells21 were maintained in Iscove’s modi-
fied Dulbecco’s medium (IMDM) supplemented with 10% fetal calf replated in complete long-term culture medium (IMDM with 12.5%
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FCS, 12.5% horse serum; Terry Fox Laboratories, Vancouver, Brit- RT step was subjected to 20 to 40 cycles of amplification. Because 30
cycles of amplification provided a semiquantitative measure of ASish Columbia, Canada), 1006 mol/L hydrocortisone (Upjohn, MI),

and L-glutamine (GIBCO) for 5 weeks in contact with irradiated mRNA, we then performed RT-PCR (30 cycles) of threefold serial
dilutions of AS cDNA. This showed a commensurate threefold de-M2-10B4 feeders (kindly provided by Dr Connie Eaves, Terry Fox

Laboratories) as described.24 The number of LTC-IC that survived crease in PCR signal (not shown).
Semiquantitative RT-PCR for p210BCR/ABL and p190BCR/ABL mRNA.the initial week of culture in the presence of MTX was determined

by replating progeny from week 5 LTC in methylcellulose assay To detect BCR/ABL mRNA, total RNA was extracted from bulk-
selected or cloned MO7ep210 and 32Dp210 or 32Dp190 cells that werewithout MTX as described above.
mock-transduced or transduced with LasBD. Total RNA was di-
gested with DNase I to degrade BCR/ABL cDNA, RNA was col-Transduction of Cell Lines and Primary Progenitors
lected and reverse transcribed using 200 U MoMLVRT and 250 ng

Cell lines. MO7ep210 and 32Dp210 cells were incubated in undi-
of primers E or H. PCR was performed after adding 1 U Taq DNA

luted PG13 or PA317 retroviral stocks supplemented with 8 mg/mL
polymerase and 250 ng of the 5* primers, D, J, or G (947C for 1

polybrene (GIBCO/BRL) for 24 hours. Cells were then cultured in
minute, 607C for 50 seconds, and 727C for 1 minute; Table 1). The

IMDM with 0.25 mmol/L MTX and 5 ng/mL rHuIL-3 or 20%
number of cycles needed to obtain semiquantitation of the BCR/

rMuIL-3 containing NIH-3T3 conditioned medium to select for
ABL mRNA was determined initially by varying the number of

DHFR-expressing cells (bulk-selected cells). In addition, replicates
cycles for a constant amount of cDNA. In initial experiments and

of 1 1 103 transduced cells were cultured in wells of a 48-well plate
throughout the evaluation of cell lines and primary cells, the semi-

in selective medium to isolate clones.
quantitative nature was confirmed by serial dilution of cDNA ampli-

Primary bone marrow progenitors. Normal or CML CD34/
fied at a constant number of cycles. The sensitivity of the RT-PCR

HLA-DR/ cells (5 1 104) were cultured in IMDM / 20% FCS /
reaction for b3a2 BCR/ABL mRNA is 1/104 to 1/5 1 105 cells. In

5 ng/mL each of IL-3, IL-6, and SCF for 48 hours in contact with
some experiments, the reverse transcription step was performed at

M2-10B4 feeders.24 After 48 hours, medium was replaced with 1
687C for 20 minutes using the thermostabile Tth polymerase (Boeh-

mL PG13-LasBD or PG13-LBD supernatant, 10 mg/mL protamine
ringer Mannheim, Indianapolis, IN).

sulfate (Fujisawa Inc, Deerfield, IL), and 5 ng/mL each of IL-3, IL-
PCR for p210 BCR-ABL cDNA. For detection of b3a2 BCR/

6, and SCF for 24 hours. A total of 1 1 104 cells were then assayed
ABL cDNA, PCR was used essentially as described above. The

for CFC as described above in the presence or absence of 5 1 1008

sensitivity for the PCR reaction is 1/104 to 1/105 cells.
mol/L MTX. The percent MTX-resistant colonies was calculated as

Southern blot of RT-PCR and PCR products. PCR products were
[the number of CFC in MTX containing cultures of transduced cells

electrophoresed and transferred to a hybond membrane (Schleicher
divided by the number of CFC in MTX free cultures of transduced

and Schuell) by overnight capillary transfer and fixed by UV irradia-
cells] 1 100 0 [the number of CFC in MTX containing cultures of

tion. Membranes were hybridized with digoxigenin (Boehringer
mock-transduced cells divided by the number of CFC in MTX free

Mannheim) labeled p210BCR/ABL (F), p190BCR/ABL (K), b-actin (I), or
cultures of mock-transduced cells].

AS (C) (Table 1) probes per the manufacturer’s instructions. X-ray
Alternatively, 40,000 cells were cultured in a liquid culture sys-

films were exposed to membranes for 2 hours. Images captured using
tem, similar to the methylcellulose cultures described above but

a GS-700 Imaging Densitometer (Bio-Rad, Hercules, CA) were
without the addition of methylcellulose. After 14 days, cells were

quantitated using Molecular Analyst software.
harvested and examined for the presence of BCR/ABL mRNA, using
reverse transcription-PCR (RT-PCR).

Western Blot Analysis

A total of 105 viable cells was lysed directly in SDS sample bufferMolecular Analysis of Retroviral Transduction and BCR/
(50 mmol/L Tris-HCl pH 6.8, 2% SDS, 10% glycerol, and 5% b-ABL mRNA
mercaptoethanol). After boiling for 8 minutes, lysates were subjected

Northern blot. Total RNA was extracted from cells or tissue to electrophoresis on 8% polyacrylamide gels and transferred to
samples using RNeasy (Qiagen, Inc, Chatsworth, CA). RNA was polyvinylidene difluoride (PVDF) membranes using a Semidry
treated with DNase1 (Ambion, Austin, TX) for 15 minutes at 377C. Transfer Apparatus (Bio-Rad). Blots were incubated with Blocker
Poly-A/ mRNA was isolated from 100 to 200 mg of total RNA Blotto in TBS (Pierce, Rockford, IL) and 0.1 mg/mL anti-ABL anti-
(Oligotex mRNA procedure; Qiagen, Inc). For Northern blot analy- body at 47C overnight, washed four times in TBST (TBS supple-
sis, 2 mg of poly(A)/ mRNA was electrophoresed in 1.2% agarose/ mented with 0.05% tween 20), and incubated for 1 hour with a goat
formaldehyde gels25 and transferred to Nytran by downward capil- antimouse or antirabbit horseradish peroxidase-conjugated antibody
lary transfer (Turboblotter; Schleicher and Schuell, Keene, NH). (1:10,000 dilution). Protein bands were visualized using an ECL
Blots were fixed by UV cross-linking (Stratalinker; Stratagene, San detection system (E.I. du Pont de Nemours & Co, Boston, MA).
Diego, CA) and hybridized overnight with a 32P-labeled b-actin Blots were stripped (using stripping buffer: 2% SDS, 100 mmol/L
probe and DHFR probe at 427C in 50% formamide. After a final 2-mercaptoethanol, 62.5 mmol/L Tris, pH 6.8) at 507C for 30 min-
wash in 0.11 SSC/0.1% sodium dodecyl sulfate (SDS) for 20 min- utes and reprobed with antibody against BCL-2, BAX, C-MYC, or
utes at 657C, membranes were exposed to x-ray films at 0707C P53. Antihuman and/or antimouse ABL, BCL-2, BAX, C-MYC, and
overnight. P53 monoclonal mouse or rabbit antibodies were purchased from

Semiquantitative RT-PCR for antisense mRNA. To detect AS Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Goat antimouse
mRNA, total RNA was extracted from bulk-selected or cloned or antirabbit antibodies conjugated to horseradish peroxidase were
LasBD-32Dp210 cells. Total RNA was treated with DNase I and from Jackson ImmunoResearch Laboratories, Inc (West Grove, PA).
reverse transcribed using 200 U MoMLVRT (GIBCO/BRL) and 250
ng primer B for 1 hour at 377C. Five hundred nanograms of cDNA

Integrin Function and Expressionwas then amplified by adding 1 U Taq DNA polymerase (Promega)
and 250 ng primer A (947C for 1 minute, 557C for 50 seconds, and Adhesion receptor expression. MO7e, MO7ep210, and LasBD-

MO7ep210 cells (bulk-selected and cloned) were stained with fluo-727C for 1 minute for 30 cycles; Table 1). To show the semiquantita-
tive nature of the reaction, the following sets of reactions were rescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated

monoclonal antibodies against CD29 (Pharmingen, San Diego, CA)performed. In initial experiments, 500 ng of cDNA obtained after the
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and CD44 (Southern Biotechnology Associates, Birmingham, AL; quence, termed LasBD. Our choice of the tyr22-DHFR gene
20 ng/105 cells) for 20 minutes at 47C. Cells were washed and as a drug-resistance gene rather than MDR-1 was based on
analyzed on a FACStarPLUS flow cytometer (Becton Dickinson Inc, the following premises. First, we and others have shown
Mountain View, CA) based on PE- and FITC-conjugated isotype- that transplantation of murine stem cells expressing an
matched mouse control Igs.

MTX-resistant DHFR gene can protect the recipient ani-Adhesion receptor capping. Aliquots of 5 to 10 1 104 MO7e,
mals from lethal MTX toxicity.11-14 Several mutant formsMO7ep210, and LasBD-MO7ep210 cells were incubated with an anti-
of the DHFR gene have been described. The tyr22-DHFRb1 antibody (P4C10; GIBCO/BRL; 1:400 dilution of mouse ascites)
variant gene was chosen because it has a favorable combi-for 1 hour at 47C, washed with cold phosphate-buffered saline, and

then incubated with 10 mg/mL goat-antimouse FITC antibody for nation of marked drug resistance and retained catalytic ac-
4 hours at 377C. Cells were washed and fixed with 200 mL 2% tivity.16 Second, even though MTX is not commonly used
paraformaldehyde, and then cytospin preparations were examined in the therapy of CML, we performed in vitro studies to
by immunofluorescence microscopy for the presence or absence of evaluate its effects on normal and CML committed (CFC)
integrin caps. A minimum of 200 cells was counted.

and primitive (LTC-IC) progenitors. Culture of CML or
normal CD34/ cells enriched for CFC or LTC-IC in theIn Vivo Tumorigenicity
presence of increasing concentrations of MTX showed thatA total of 104 to 107 cells was suspended in 0.2 mL phosphate-
Ph/ CML CFC and LTC-IC are at least as sensitive tobuffered saline and injected through the tail vein into C3H mice.
MTX as NL progenitors (Fig 1). Thus, administration ofAll animals were housed and maintained according to institutional
MTX after transplantation may selectively eliminate theguidelines. Survival of animals was assessed daily for 100 days after

inoculation. Seventy days after inoculation, 8 (107 cell dose), 16 Ph/ CML progenitors. The third reason for choosing an
(106 cell dose), and 17 (105 cell dose) animals that received differing MTX-resistant DHFR gene rather than the MDR-1 gene to
numbers of LasBD-32Dp210 cells were killed by cervical dislocation. protect the graft from chemotherapy is based on safety
Spleen and marrow were examined for the presence of BCR/ABL concerns. It is possible in theory that Ph/ stem and progeni-
cDNA, BCR/ABL mRNA, and AS mRNA as described above. tor cells, rendered MTX-resistant by transfer of the DHFR

LasBD-32Dp210 cells. Four independent experiments were per-
gene, may escape antisense induced normalization of leuke-formed with LasBD-32Dp210 cells selected ex vivo with MTX. In
mic cell function. These progenitors may then continue toeach experiment, 8 to 12 animals per cell dose received injections.
expand and acquire additional genetic abnormalities lead-The number of animals that was evaluable between days 0 and 70
ing to blast crisis. Even though resistant to MTX, such cellswas 36 to 43 animals for each cell dose. Because a number of the

surviving animals were killed on day 70, the number of animals would continue to be sensitive to the majority of antileuke-
evaluable between day 75 and 100 was 26 to 28 animals for each mic chemotherapeutic agents commonly used in the therapy
cell dose. of CML.

Untransduced 32Dp210 and 32Dp190 cells and LasBD-32Dp190 cells.
Three independent experiments were performed with untransduced

The LasBD-Encoded AS-mRNA Inhibits BCR/ABL Gene32Dp210 and 32Dp190 cells and with LasBD-32Dp190 cells selected ex
Expression in BCR/ABL-Containing Cell Linesvivo with MTX. In each experiment, 8 to 10 animals per cell dose

were injected. No animals were killed. The LasBD vector incorporates the tyr22-DHFR gene
as well as two 20-mer anti-b3a2 modified AS sequencesRESULTS AND DISCUSSION
(Fig 2A). The rationale for two copies of AS sequence

Ph/ CML Progenitors Are Sensitive to MTX In Vitro was based on secondary structure analysis of the modified
We constructed and tested a retroviral vector containing double-copy AS sequence within the retroviral vector

RNA. Analysis of the secondary structure of AS based onthe mutant tyr22-DHFR gene and a double-copy AS se-

Fig 1. CML CFC (A) and LTC-IC (B) are at least as
sensitive to MTX as their normal counterparts. Five
thousand normal and CML CD34"HLA-DR" cells were
plated in serum-free methylcellulose assay with in-
creasing MTX concentrations to determine the MTX
sensitivity of CFC (left panel). Alternatively, 10,000
normal CD34"HLA-DRÏ cells (LTC-IC) and CML
CD34"HLA-DR" (Ph" LTC-IC) cells were incubated for
1 week in serum-free medium, IL-3, IL-6, and SCF
with increasing MTX concentrations. Cells were then
plated in contact with M2-10B4 stromal feeders for
5 weeks. The number of MTX resistant LTC-IC was
determined by replating LTC derived progeny in
methylcellulose assay without MTX.
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Fig 2. The LasBD retroviral vector. (A) Retroviral vector LasBD
containing the tyr22-DHFR gene transcriptionally regulated by an in-
ternal b-actin promoter and two 20-mer anti-b3a2 AS modified se-
quences regulated by the MoMuLV-LTR. The retroviral vector, LBD,
contains the tyr22-DHFR gene transcriptionally regulated by an inter-
nal b-actin promoter but no anti-BCR/ABL antisense sequences. (B)
Northern blot analysis showing equal expression of the LTR-regu-
lated AS-DHFR message (2.6 kb) and the internal b-actin promoter-
regulated DHFR message (1.3 kb). Expression of both mRNAs is de-
picted for PA317 packaging cells, LasBD-32Dp210 cells recovered after
ex vivo selection in MTX and IL-3, and LasBD-32Dp210 cells recovered
70 days after in vivo infusion of bulk-selected LasBD-32Dp210 cells into
syngeneic C3H mice. (C) Secondary structure of the anti-b3a2 AS
sequence, determined based on a dynamic program algorithm of the
minimum free energy conformation of the RNA using the Program
Manual for the Wisconsin Package (version 8, September 1994; Ge-
netics Computer Group, Madison, WI).41,42 The optimal stable confor-
mation of the modified double antisense mRNA indicates that 5 to
10 bases surrounding the b3a2 breakpoint are single-stranded.

minimal free energy indicates that both AS sequences have gene is transcriptionally regulated by an internal b-actin
promoter. The presence of both mRNA species in PA317an open single-stranded region of at least 5 bases upstream

and downstream from the b3a2 breakpoint to facilitate virus producer cells was confirmed by Northern analysis
(Fig 2B).interaction with the target BCR/ABL mRNA. Results for

the analysis of 50 contiguous basepairs are shown in Fig We transduced b3a2-BCR/ABL cDNA containing hu-
man MO7e (MO7ep210)23 and murine 32D (32Dp210)21 cells2C. Similar results were obtained when the analyzed se-

quence was extended to 150 bp from the depicted sequence with the LasBD vector. Transduced cells were selected in
the presence of 0.25 mmol/L MTX plus human or murine(not shown). In LasBD, the AS sequence is transcription-

ally regulated by the 5* LTR, whereas the tyr22-DHFR IL-3. In some experiments, clones of transduced cells were
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isolated. After 14 days, selective medium containing MTX copy AS mRNA, did not decrease our ability to detect
BCR/ABL mRNA in 32Dp210 (Fig 4A). Semiquantitativewas replaced with nonselective medium supplemented

with IL-3. Transduced cells have now been stably main- RT-PCR of bulk-selected LasBD-MO7ep210 and LasBD-
32Dp210 cells showed an eightfold reduction in BCR/ABLtained in vitro for more than 20 months without MTX.

We first examined expression of the AS sequence in bulk- mRNA (Fig 3A). As observed for AS mRNA levels, some
variability in elimination of BCR/ABL mRNA was de-selected and cloned LasBD-32Dp210 cells. Northern blot

analysis of bulk-selected LasBD-32Dp210 cells showed tected in different clones of LasBD-32Dp210 and LasBD-
MO7ep210 cells. It is noteworthy that BCR/ABL mRNAequal levels of the LTR-driven 2.6-kb transcript encoding

the AS sequence and the DHFR gene and the b-actin– levels were low for those clones in which AS mRNA
levels were high, whereas clones in which AS mRNAdriven 1.3-kb mRNA encoding the DHFR gene alone (Fig

2B). We also performed semiquantitative RT-PCR on levels were lower continued to express higher levels of
BCR-ABL mRNA.bulk-selected and cloned LasBD-32Dp210 cells. Significant

levels of AS mRNA could be detected in bulk-selected Results from RT-PCR reactions were extended by ex-
amining the effect of AS expression on p210BCR/ABL proteinLasBD-32Dp210 cells and most clones (Fig 3A). However,

AS expression was somewhat variable, because some levels observed on Western blot analysis. For bulk-se-
lected LasBD-MO7ep210 and LasBD-32Dp210 cells, a six-clones (eg, clone A) expressed only minimal amounts of

AS mRNA. fold decrease in p210BCR/ABL level was seen compared with
mock-transduced cells. LasBD did not affect p145ABL pro-We next evaluated the molecular effects of AS expres-

sion on BCR/ABL mRNA and p210BCR/ABL protein levels. tein levels (Fig 3A). As for BCR/ABL mRNA levels, some
variability between clones was seen. A strict correlationTo ascertain the validity of the assays, RT-PCR reactions

were also performed using Tth polymerase, which is re- was seen between the degree of suppression of the BCR/
ABL mRNA and p210BCR/ABL protein levels, further indi-sistant to higher temperatures. This allowed the reactions

to be performed at 687C for 20 minutes, therefore de- cating that the semiquantitative RT-PCR reaction pro-
vided an accurate measure of the AS-mediated suppres-creasing the likelihood of obtaining false-positive results

due to persistent annealing of AS mRNA to the target sion of target mRNA. As observed for BCR/ABL mRNA
levels, the level of expression of the BCR/ABL AS se-BCR/ABL mRNA during the RT step. RT-PCR using

either Tth or MoMLVRT showed a similar suppression quence was inversely correlated with p210BCR/ABL protein
levels, again suggesting a causal relationship between ASof BCR/ABL mRNA in bulk versus clone A LasBD-

32Dp210 cells (Fig 4B), which showed that assessment mRNA levels and inhibition of BCR/ABL oncogene ex-
pression.of BCR/ABL mRNA using Taq polymerase provides an

accurate estimate of its suppression by LasBD. In addi- Differences in expression of the AS mRNA may be due
to differences in copy number of the retroviral gene presenttion, we performed RT-PCR reactions on mRNA recov-

ered from untransduced 32Dp210 cells admixed with up to per cell. Alternatively, differences in the location of the viral
integrant in the genome may affect the LTR-regulated tran-10-fold higher amounts mRNA from LasBD-PA317 cells

immediately before the RT-PCR reaction. The addition scription of the AS sequence. However, the bulk-selected
LasBD-32Dp210 cells contained similar amounts of AS-of 101 LasBD-PA317 mRNA, containing the double-

r
Fig 3. LasBD suppresses b3a2-mRNA and p210BCR/ABL expression and restores normal function. MO7ep210 or 32Dp210 cells were transduced

with LasBD and cultured in IMDM" 0.25 mmol/L MTX " rHuIL-3 or rMuIL-3 (Bulk) for 14 days. In addition, 1 Ì 103 transduced cells were
cultured in wells of a 48-well plate in IMDM" 0.25 mmol/L MTX " IL-3 (clones 32Dp210 A and TH and MO7ep210 A and E). (A) Molecular
analysis of antisense and BCR/ABL expression: MTX-selected LasBD-32Dp210 and LasBD-M07ep210 cells and untransduced cells were analyzed
by semiquantitative RT-PCR to detect AS mRNA, BCR/ABL mRNA, and b-actin mRNA and by Western blot to detect p210BCR/ABL and p145ABL

protein, as described in the Materials and Methods. Expression of AS-mRNA and BCR/ABL mRNA as well as p210BCR/ABL protein for untransduced
cells (indicated with a minus sign), bulk-selected (indicated as Bulk) and clonal cell populations (for 32Dp210 cells, Th and A; for M07ep210 cells,
E and A) are shown. For Western blot analysis, the bands representing the p145ABL protein and the p210BCR/ABL protein are indicated with an
arrow. Equal loading of the gels is shown by the presence of the p145ABL protein. (B) Effect of LasBD on growth in the presence and absence
of IL-3. (Upper panels) Untransduced 32Dp210 and MO7ep210 cells and transduced, bulk-selected, or cloned 32Dp210 and MO7ep210 cells cultured
for 6 days in IL-3–containing medium. On days 1, 3, 5, and 6, the number of viable cells was determined by enumerating cells stained with
trypan blue in a hemocytometer. Total viable cell expansion is depicted. Bulk-selected LasBD-32Dp210 and LasBD-MO7ep210 cells and clones
32Dp210-Th and MO7ep210-A expanded significantly less than untransduced 32Dp210 and MO7ep210 cells or clones that continued to express BCR/
ABL mRNA and protein (32Dp210-A and MO7ep210-E cells). (Lower panels) Untransduced 32Dp210 and MO7ep210 cells and transduced, bulk-selected,
or cloned 32Dp210 and MO7ep210 cells cultured for 6 days without IL-3. On days 1, 3, 5, and 6, the number of viable cells was determined by
enumerating cells stained with trypan blue in a hemocytometer. The percentage of viable cells is depicted. All bulk-selected LasBD-32Dp210

cells and LasBD-MO7ep210 cells and clones 32Dp210 -Th and MO7ep210-A died by day 6, whereas a significant proportion of untransduced 32Dp210

and MO7ep210 cells or clones that continued to express BCR/ABL mRNA and protein (32Dp210-A and MO7ep210-E cells) survived even in the
absence of IL-3. (C) Untransduced 32Dp210 cells and transduced, bulk-selected, or cloned 32Dp210 cells cultured for 6 days without IL-3 (BCL-2,
BAX, and p53) or with IL-3 (C-MYC). After 3 days, cells were recovered and protein extracts were subjected to Western analysis for expression
of p145ABL, C-MYC, BCL-2, BAX, and p53. Decreased cell expansion of bulk-selected LasBD-32Dp210 cells and clone LasBD-32Dp210-Th that express
only low levels of p210BCR/ABL in the presence of IL-3 was associated with decreased expression of C-MYC (upper panel). Cell death of bulk-
selected LasBD-32Dp210 cells and clone LasBD-32Dp210-Th that express only low levels of p210BCR/ABL was associated with increased levels of
p53 and BAX and decreased levels of BCL-2 (lower panel).
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mRNA as LasBD-32Dp210 clone Th. Likewise, suppression indicates that the fraction of LasBD-32Dp210 and M07e-
32Dp210 cells in which the AS mRNA is poorly expressed,of BCR/ABL mRNA and protein was similar in bulk-se-

lected LasBD-32Dp210 and LasBD-M07ep210 cells as in resulting in minimal suppression of the BCR/ABL oncopro-
tein, is small.LasBD-32Dp210 clone Th and LasBD-MO7ep210 clone A. This
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cells continued to expand, even in the absence of IL-3. In
contrast to untransduced cells, bulk-selected LasBD-
MO7ep210 and LasBD-32Dp210 died after 2 to 4 days of culture
without IL-3. Clones of either cell line in which BCR/ABL
mRNA and p210BCR/ABL protein was almost completely elim-
inated (LasBD-32Dp210 clone Th and LasBD-MO7ep210 clone
A) died after 2 to 4 days of culture without IL-3. Clones that
expressed some p210BCR/ABL protein (LasBD-32Dp210 clone A
and LasBD-MO7ep210 clone E) died at a slower rate. Cells
died by apoptosis, demonstrated by staining cells on day 3
after IL-3 withdrawal with the DNA dye 7AAD (not
shown).29 This was associated with significantly increased
expression of p53 and BAX and decreased expression of
BCL-2 (Fig 3C).30,31

We and others have previously shown that adhesion of
CML progenitors to stroma32,33 or the ECM component, fi-
bronectin, is defective.34,35 Decreased adhesion of CML cells
occurs even though increased levels of adhesion receptors

Fig 4. RT-PCR accurately detect BCR/ABL mRNA levels. (A) Pres- responsible for interaction with fibronectin (such as b1 inte-
ence of AS mRNA does not impede RT-PCR reaction for BCR/ABL

grins34,35 and CD4436) are present on CML CD34/ cells.mRNA. mRNA from untransduced 32Dp210 cells was admixed with 0
Because decreased adhesion to the BM microenvironment(lane A), onefold (lane B), fivefold (lane C), or 10-fold (lane D) excess

mRNA from LasBD-PA317 cells immediately before the RT-PCR reac- may cause the abnormal circulation of primitive progenitors
tion. After reverse transcription with MoMLVRT, cDNAs were ampli- in the blood and may in part be responsible for the massive
fied for 30 cycles. The addition of up to 10-fold excess LasBD-PA317 uncontrolled proliferation of CML progenitors,33,37,38 we next
mRNA containing the double-copy AS mRNA did not decrease our

examined if suppression of p210BCR/ABL with LasBD restoresability to assess the level of BCR/ABL mRNA in 32Dp210 cells. (B) RT-
adhesion receptor expression and function. As is seen forPCR using Tth or MoMLVRT/Taq polymerase. RT-PCR reaction was

performed either at 687C for 20 minutes using the Tth polymerase primary CML Ph/ CD34/ cells,34-36 MO7ep210 cells expressed
or at 377C for 60 minutes using MoMLVRT/Taq polymerase. mRNA significantly more b1 integrins (CD29) and CD44 (Fig 5A)
obtained from LasBD-32Dp210 clone A and bulk-selected LasBD-32Dp210

than did parent MO7e cells. After transduction of MO7ep210

cells was amplified for 30 cycles, and the degree of BCR/ABL mRNA
cells with LasBD, levels of b1 integrin and CD44 decreasedsuppression detected using either MoMLVRT or Tth was similar.
significantly. We have also shown that integrins are function-
ally defective in CML and do not, for instance, form caps
when CD34/ cells are incubated with anti-b1 integrin anti-

LasBD Restores Normal Phenotype of BCR/ABL- bodies.37 A similar effect was seen for MO7ep210 cells: com-
Containing Cell Lines pared with parent MO7e cells, incubation with anti-b1 anti-

We next evaluated the effect of transduction with LasBD bodies did not induce receptor capping on MO7ep210 cells
(Fig 5B). However, capping was restored in LasBD-on the functional behavior of BCR/ABL-containing cell
MO7ep210 cells.lines. LasBD-mediated suppression of BCR/ABL mRNA

and p210BCR/ABL protein (bulk-selected LasBD-32Dp210 cells
and clone LasBD-32Dp210 Th; bulk-selected LasBD- Suppression of BCR/ABL mRNA and Protein by LasBD Is
MO7ep210 cells and clone LasBD-MO7ep210 A) resulted in a Breakpoint Specific
significantly lower expansion of cells when maintained with

To demonstrate specificity of the AS sequence, we trans-rMuIL-3 or rHuIL-3 (Fig 3B and C). However, expansion
duced 32D cells that contained the p190BCR/ABL cDNAof LasBD-32Dp210 clone A or LasBD-MO7ep210 clone E
(32Dp190) with LasBD. RT-PCR and Western analysis indi-(clones that continued to express BCR/ABL mRNA and
cated that LasBD did not suppress p190BCR/ABL mRNA orp210BCR/ABL protein) was only minimally reduced in compari-
protein, even though there was substantial AS mRNA ex-son with mock-transduced 32Dp210 or MO7ep210 cells. Be-
pression (Fig 6A). In contrast to LasBD-32Dp210 cells, whichcause decreased growth was associated with a threefold de-
underwent apoptosis once IL-3 was withdrawn, LasBD-crease in C-MYC protein levels in the LasBD-32Dp210 clone
32Dp190 cells continued to expand in the absence of rMuIL-Th or bulk-selected LasBD-32Dp210 cells (Fig 3C), these re-
3 (Fig 6B).sults suggest that the AS sequence inhibits p210BCR/ABL-de-

We thus conclude that LasBD, which contains a double-pendent activation of the RAS-MAPK-MYC pathway.26-28

copy AS sequence specific for the b3a2 BCR/ABL32D and MO7e cells are growth factor dependent in vitro
breakpoint, suppresses expression of b3a2-BCR/ABLand undergo apoptotic cell death when cultured in the ab-
mRNA and protein in a sequence-specific manner. Further-sence of IL-3. However, upon transduction with BCR/ABL
more, transduction with the LasBD vector renders the major-cDNA, these cells become IL-3 independent and no longer
ity of 32Dp210 and MO7ep210 cells functionally normal: theyundergo apoptosis once IL-3 is removed.21,23 We therefore
grow slower in the presence of IL-3, undergo apoptosis inexamined survival of mock- and LasBD-transduced
the absence of IL-3, and express normal levels of adhesionMO7ep210 and 32Dp210 cells when cultured for 6 days in the

absence of IL-3. Mock-transduced MO7ep210 and 32Dp210 receptors that are functionally normal.
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Fig 5. LasBD restores normal integrin function and expression.
(A) MO7e, MO7ep210, and LasBD-MO7ep210 bulk-selected and cloned
cells were stained with FITC- or PE-conjugated monoclonal antibod-
ies against CD29 or CD44 and analyzed on a FACStarPLUS flow cyto-
meter. PE- and FITC-conjugated isotype matched mouse IgGs were
used as negative controls. Results are presented as the mean Ô SEM
of four individual experiments. Statistics: Paired Student’s t-test: P
Ú .001. (B) Aliquots of 5 to 10 Ì 104 normal CD34" cells, primary CML
CD34" HLA-DR" cells or MO7e, MO7ep210 cells and LasBD-MO7ep210

bulk-selected cells were incubated with an adhesion blocking anti-
b1 antibody followed by a goat-antimouse FITC antibody, as de-
scribed in the Materials and Methods. Cytospin preparations were
examined by immunofluorescence microscopy for the presence or
absence of integrin caps.

LasBD Suppresses BCR/ABL mRNA in Primary Ph/ Cells BCR/ABL mRNA levels in CML CD34/ HLA-DR/ cells
and Renders CD34/ Progenitors MTX-Resistant selected with MTX showed a 10-fold reduction in BCR/ABL

mRNA levels after transduction with LasBD. In contrast,To extend these studies to more clinically relevant target
transduction with the LBD vector, which does not containcell populations, we next transduced primary CML Ph/ or
the anti-BCR/ABL AS sequence, did not affect BCR/ABLnormal CD34/ HLA-DR/ progenitor cells with the LBD or
mRNA levels (Fig 7B). Transduction of normal and CMLLasBD vector. CML sample were from patients with a
CD34/ HLA-DR/ cells with either the LBD vector or theknown b3a2 splice site. The LBD vector contains the tyr22-
LasBD vector with subsequent plating in methylcelluloseDHFR gene transcriptionally regulated by an internal b-
culture showed that an equal fraction became resistant to 5actin promoter, but does not contain the anti-BCR/ABL AS

sequence (Fig 2A). Semiquantitative RT-PCR analysis of 1 1008 mol/L MTX (Fig 7A). These results show that the
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Fig 6. LasBD does not suppress p190BCR/ABL ex-
pression and does not affect the function of 32Dp190

cells. (A) 32Dp190 cells were transduced with LasBD
and selected with MTX and rMuIL-3. Untransduced
(in lanes with minus sign) and MTX-selected, trans-
duced cells (in lanes with plus sign) were analyzed
by semiquantitative RT-PCR to detect AS mRNA,
BCR/ABL mRNA, and b-actin mRNA (left panel) and
by Western blot to detect p190BCR/ABL and p145ABL

protein (right panel), as described in the Materials
and Methods. (B) LasBD-transduced (clones A and B)
and untransduced 32Dp190 cells were cultured for 6
days in IL-3–containing (left panel) or IL-3–free (right
panel) cultures and viable cell expansion was mea-
sured.

ceived 104 32Dp210 cells succumbed by day 50. WhenAS sequence as well as the tyr22-DHFR gene are functional
LasBD-transduced ex vivo MTX-selected 32Dp190 cells werewhen transduced into primary CML or normal hematopoietic
injected, no improvement in survival of animals was notedprogenitors.
(Fig 8B). In contrast, transduction of 32Dp210 cells with
LasBD and selection with MTX before inoculation signifi-

LasBD Decreases Tumorigenicity of 32Dp210 Cells In Vivo cantly decreased in vivo tumorigenicity. Only 10% of ani-
by 3 to 4 Logs in a Sequence-Specific Manner mals receiving 107 LasBD-32Dp210 cells succumbed between

Finally, we examined if transduction with LasBD impacts days 40 and 75, and an additional 15% died between days
on survival of animals that receive 32Dp210 or 32Dp190 cells. 75 and 100. However, no animal receiving less than 106

Infusion of 106 and 107 32Dp210 (Fig 8A) or 32Dp190 cells LasBD-32Dp210 cells died. Interestingly, LasBD-32Dp210 cells
(Fig 8B) per animal resulted in the death of greater than persisted in the animals but did not seem to cause lethality.
70% of animals by day 40 and 90% to 100% of animals by BCR/ABL cDNA, but not BCR/ABL mRNA, could be de-

tected by PCR in the spleens and marrow of greater thanday 100. In addition, greater than 30% of animals that re-

Fig 7. LasBD suppresses BCR/ABL mRNA in primary CML cells and renders normal and CML progenitors MTX-resistant. (A) 1 Ì 104 normal
or CML CD34" HLA-DR" cells were transduced with LasBD or the control vector, LBD containing PA317 supernatants, protamine sulfate, IL-3,
IL-6, and SCF in contact with M2-10B4 stromal feeders for 24 hours. Cells were subsequently cultured in serum-free semisolid methylcellulose
culture in the presence or absence of 5 Ì 10Ï8 mol/L MTX to determine the percentage of MTX-resistant progenitors. Results are represented
as the percentage of CFC surviving 5 Ì 10Ï8 mol/L MTX from 2 patients with CML (with known b3a2 breakpoint) and 3 normal individuals.
(B) 5 Ì 104 LasBD and LBD-transduced CML CD34" HLA-DR" cells were cultured for 14 days in liquid serum-free culture containing 5 Ì 10Ï8

mol/L MTX and cells examined by RT-PCR for the presence of the BCR/ABL mRNA.
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normalization of CML cells, because they exhibit normal
proliferative behavior in response to cytokines, undergo apo-
ptotic cell death when cultured under unfavorable conditions,
have restored integrin function and expression, and de-
creased tumorigenicity in vivo by 3 to 4 logs. Both the MTX-
resistant DHFR gene and the AS sequence are expressed
stably in vitro and in vivo, even in the absence of selective
pressure. Studies are ongoing to evaluate whether or not
the LasBD vector will, like other mutant DHFR containing
vectors,11-14 protect transduced normal hematopoietic cells
from the toxic effects of MTX at concentrations that will
suppress BCR/ABL/ cells in vivo. The LasBD vector may
prove extremely useful in an autologous transplant setting: in
protecting normal hematopoiesis from MTX toxicity, LasBD
may allow administration of MTX after transplantation to
suppress leukemia that persists in the graft or in the host
after myeloablation while rendering transduced, leukemic
stem cells and progenitors functionally normal. Finally, aFig 8. LasBD reduces tumorigenicity of 32Dp210 cells but not

32DP190 cells in vivo. A total of 104 to 107 untransduced (left panels) similar approach could be contemplated in the treatment of
or LasBD transduced (right panels) 32Dp210 (A) and 32Dp190 (B) cells, other hematologic malignancies associated with novel fusion
selected ex vivo with MTX, were injected through the tail vein into oncoproteins, such as Ph/ acute lymphocytic leukemia or
C3H mice (4 independent experiments, 8 to 12 animals/group/experi-

acute promyelocytic leukemia.39,40
ment). Survival of animals was assessed daily for 100 days after
inoculation. After 70 days, some animals that received 107, 106, and
105 LasBD-32Dp210 cells were killed, and the spleen and marrow were ACKNOWLEDGMENT
examined for the presence of BCR/ABL cDNA, BCR/ABL mRNA, and

The authors acknowledge the excellent technical help of Kirk VanAS mRNA.
Overbeke and Todd R. Lenvik.

REFERENCES
50% of animals that received 105 to 107 LasBD-32Dp210 cells 1. Fialkow PJ, Jacobson RJ, Papayannopoulou TH: Chronic my-
when examined 70 days after inoculation, indicating that the elocytic leukemia: Clonal origin in a stem cell common to the granu-
LasBD-32Dp210 cells survived in vivo but were no longer locyte, erythrocyte, platelet and monocyte/macrophage. Am J Med
tumorigenic. Marrow cells from animals inoculated with 105

63:125, 1977
to 107 LasBD-32Dp210 cells 70 days earlier were cultured in 2. Bartram CR, deKlein A, Hagemeijer A, van Agthoven T,
the presence of 0.25 mmol/L MTX for 2 weeks and surviving Geurts van Kessel A, Bootsma D, Grosveld G, Ferguson-Smith MA,
cells expanded in MTX-free, IL-3–containing medium. Davies T, Stone M: Translocation of the c-abl oncogene adjacent to

a translocation break point in chronic myelocytic leukemia. NatureNorthern analysis indicated that messages initiated by the
306:277, 19835*LTR promoter and the internal b-actin promoter continued

3. Rowley JD: The Philadelphia chromosome translocation: Ato be expressed to the same extent as was seen for LasBD-
paradigm for understanding leukemia. Cancer 65:2178, 199032Dp210 cells analyzed before inoculation (Fig 2B). These

4. Daley GQ, Van Etten RA, Baltimore D: Induction of chronicreselected cells exhibited normal function, because with-
myelogenous leukemia in mice by the P210BCR/ABL gene of the Phila-drawal of IL-3 in vitro resulted in the death of reselected
delphia chromosome. Science 247:824, 1990cells, similar to what we observed before transfer into C3H

5. Gishizky ML, Witte ON: Initiation of dysregulated growth ofanimals (not shown). This shows that the DHFR gene and
multipotent progenitor cells by bcr-abl in vitro. Science 256:836,

the AS sequence continue to be expressed in cells that have
1992

been maintained without selective pressure in vivo for 70 6. Snyder DS, McGlave PB: Treatment of chronic myelogenous
days and that the LasBD vector decreases tumorigenicity of leukemia with bone marrow transplantation. Hematol Oncol Clin
32Dp210 cells in vivo by at least 3 logs. Survival of cells North Am 4:535, 1990
expressing neither BCR/ABL mRNA nor protein in vivo 7. McGlave PB, Bartsch G, Anasetti C, Ash R, Beatty P, Gajew-
is consistent with the observation that LasBD-transduced ski J, Kernan NA: Unrelated donor bone marrow transplantation
32Dp210 cells survive in vitro when maintained in the pres- therapy for chronic myelogenous leukemia: Initial experience of the
ence of serum and rMuIL-3, but that their growth is sup- National Marrow Donor Program. Blood 81:543, 1993

8. McGlave PB, DeFabritiis P, Deisseroth A, Goldman J, Barnettpressed compared with that of untransduced 32Dp210 cells.
M, Reiffers J, Simonsson B, Carella A, Aeppli D: Autologous trans-
plant therapy for chronic myelogenous leukemia prolongs survival:Conclusion
Results from eight transplant centers. Lancet 343:1486, 1994We conclude that the LasBD vector containing the tyr22-

9. Deisseroth AB, Zhifei Z, Claxton D, Hanania EG, Siqing F,
DHFR gene as well as AS sequences directed at the b3a2 Ellerson, Goldberg L, Thomas M, Janiceck K, Anderson WF, Hester
BCR/ABL breakpoint renders normal and CML progenitors J, Korbling M, Durett A, Moen R, Berenson R, Heimfeld S, Hamer
MTX-resistant and suppresses BCR/ABL mRNA and pro- J, Calvert L, Tibbits P, Talpaz M, Kantarjian H, Champlin R, Reding
tein from b3a2 BCR/ABL-containing CML cell lines and C: Genetic marking shows that Ph/ cells present in autlogous mar-

row of chronic myelogenous leukemia (CML) contribute to relapseprimary Ph/ CML progenitors. This leads to the functional

AID Blood 0046 / 5h42$$$901 11-12-97 12:40:16 blda WBS: Blood

 For personal use only. at kuleuven on October 7, 2010. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


ZHAO ET AL4698

after autologous bone marrow transplants in CML. Blood 83:3068, 26. Cortez D, Kadlec L, Pendergast AM: Structural and signaling
requirements for BCR-ABL-mediated transformation and inhibition1994

10. Mackinnon S, Barnett L, Heller G, O’Reilly RJ: Minimal of apoptosis. Mol Cell Biol 15:5531, 1995
27. Goga A, McLaughlin J, Afar DE, Saffran DC, Witte ON:residual disease is more common in patients who have mixed T-cell

chimerism after bone marrow transplantation for chronic myeloge- Alternative signals to RAS for hematopoietic transformation by the
BCR-ABL oncogene. Cell 82:981, 1995nous leukemia. Blood 83:3409, 1994

11. Corey CA, DeSilva AD, Holland CA, Williams DA: Serial 28. Nieborowska-Skorska M, Ratajczak MZ, Calabretta B, Skor-
ski T: The role of c-Myc protooncogene in chronic myelogenoustransplantation of MTX-resistant bone marrow: Protection of murine

recipients from drug toxicity by progeny of transduced stem cells. leukemia. Folia Histochem Cytobiol 32:231, 1994
29. Philpott NJ, Turner AJ, Scopes J, Westby M, Marsh JC, Gor-Blood 75:337, 1990

12. Vinh DB-N, McIvor RS: Selective expression of drug-resis- don-Smith EC, Dalgleish AG, Gibson FM: The use of 7-amino
actinomycin D in identifying apoptosis: Simplicity of use and broadtant dihydrofolate reductase activity in mice transduced with DHFR-

retroviruses and administered methotrexate. J Pharm Exp Therapeu- spectrum of application compared with other techniques. Blood
87:2244, 1996tics 267:989, 1993

13. Zhao SC, Li MX, Banerjee D, Schweitzer BI, Mineishi S, 30. Bi S, Lanza F, Goldman JM: The involvement of ‘‘tumor
Gilboa E, Bertino JR: Long-term protection of recipient mice from suppressor’’ p53 in normal and chronic myelogenous leukemia he-
lethal doses of methotrexate by marrow infected with a double- mopoiesis. Cancer Res 54:582, 1994
copy vector retrovirus containing a mutant dihydrofolate reductase. 31. Sanchez-Garcia I, Grutz G: Tumorigenic activity of the BCR-
Cancer Gene Therapy 1:27, 1994 ABL oncogenes is mediated by BCL2. Proc Natl Acad Sci USA

14. May C, Gunther R, McIvor RS: Protection of mice from lethal 92:5287, 1995
doses of methotrexate by transplantation with transgenic marrow 32. Gordon MY, Dowdling CR, Riley GP, Goldman JM, Greaves
expressing drug-resistant dihydrofolate reductase activity. Blood MF: Altered adhesive interactions with marrow stroma of hemato-
86:2439, 1995 poietic progenitor cells in chronic myeloid leukaemia. Nature

15. Szczylik C, Sikorski T, Nicolaitidis NC, et al: Selective inhi- 328:342, 1984
bition of leukemia cell proliferation by BCR-ABL anti-sense oligo- 33. Verfaillie CM, Hurley R, Lundell BI, Bhatia R: Integrin-
nucleotides. Science 253:562, 1991 mediated regulation of hematopoiesis: Do BCR-ABL induced de-

16. Morris JA, McIvor RS: Saturation mutagenesis at dihydrofo- fects in integrin function underlie the abnormal circulation and pro-
late reductase codons 22 and 31. A variety of amino acid substitutions liferation of CML progenitors? Acta Haematol 97:40, 1997
conferring methotrexate resistance. Biochem Pharmacol 47:1207, 34. Verfaillie CM, McCarthy JB, McGlave PB: Mechanisms un-
1994 derlying abnormal trafficking of malignant progenitors in chronic

17. Braun SE, McIvor RS, Davidson AS, Hanna M, Traycoff CM, myelogenous leukemia. Decreased adhesion to stroma and fibronec-
Berebetsky DA, Gonin R, Broxmeyer HE, Cornetta K: Retrovirally tin but increased adhesion to the basement membrane components
mediated gene transfer of Arg22 and Tyr22 forms of dihydrofolate laminin and collagen type IV. J Clin Invest 90:1232, 1992
reductase into the hematopoietic cell line K562: A comparison of 35. Bhatia R, Wayner EA, McGlave PB, Verfaillie CM: Inter-
methotrexate resistance. Cancer Gene Ther 4:26, 1997 feron-alpha restores normal adhesion of chronic myelogenous leuke-

18. Markowitz D, Goff S, Bank A: A safe packaging line for mia hematopoietic progenitors to bone marrow stroma by correcting
gene transfer: Separating viral genes on two different plasmids. J impaired beta 1 integrin receptor function. J Clin Invest 94:384,
Virol 62:1120, 1988

1994
19. Bauer TR Jr, Miller AD, Hickstein DD: Improved transfer of

36. Ghaffari S, Dougherty GJ, Lansdorp PM, Eaves AC, Eaves
the leukocyte integrin CD18 subunit into hematopoietic cell lines

CJ: Differentiation-associated changes in CD44 isoform expression
by using retroviral vectors having a gibbon ape leukemia virus enve-

during normal hematopoiesis and their alteration in chronic myeloid
lope. Blood 86:2379, 1995

leukemia. Blood 86:2976, 199520. Miller AD, Buttimor C: Redesign of retrovirus packaging
37. Renshaw MW, McWhirter JR, Wang JY: The human leuke-lines to avoid recombination leading to helper virus production. Mol

mia oncogene bcr-abl abrogates the anchorage requirement but notCell Biol 6:2895, 1986
the growth factor requirement for proliferation. Mol Cell Biol21. Carlesso N, Griffin JD, Druker BJ: Use of a temperature-
15:1286, 1995sensitive mutant to define the biological effects of the p210BCR-

38. Eaves AC, Cashman JD, Gaboury LA, Kalousek DK, EavesABL tyrosine kinase on proliferation of a factor-dependent murine
CJ: Unregulated proliferation of primitive chronic myeloid leukemiamyeloid cell line. Oncogene 9:149, 1994
progenitors in the presence of normal marrow adherent cells. Proc22. Orchard PJ, Detrick RA, Gorden K, Dunbar CE, Vallera DA,
Natl Acad Sci USA 83:5306, 1986Taylor P, McIvor RS, Blazar BR: Retroviral-mediated transfer of

39. Allen PB, Morgan GJ, Wiedemann LM: Philadelphia chromo-the murine interleukin-3 gene engineered for intracellular retention
some-positive leukaemia: The translocated genes and their generesults in a myeloproliferative syndrome but is associated with circu-
products. Baill Clin Haematol 5:897, 1992lating interleukin-3 levels. Exp Hematol 21:1245, 1993

40. Chen Z, Tong JH, Dong S, Zhu J, Wang ZY, Chen SJ: Reti-23. Sirard C, Laneuville P, Dick JE: Expression of bcr-abl abro-
noic acid regulatory pathways, chromosomal translocations, andgates factor-dependent growth of human hematopoietic M07E cells
acute promyelocytic leukemia. Genes Chromosom Cancer 15:147,by an autocrine mechanism. Blood 83:1575, 1994
199624. Verfaillie CM, Bhatia R, Miller W, Mortari F, Roy V, Burger

41. Freier SM, Kierzek R, Jaeger JA, Sugimoto N, CaruthersS, McCullough J, Stieglbauer K, Dewald G, Heimfeld S, Miller JS,
MH, Neilson T, Turner DH: Improved free-energy parameters forMcGlave PB: BCR/ABL-negative primitive progenitors suitable for
predictions of RNA duplex stability. Proc Natl Acad Sci USAtransplantation can be selected from the marrow of most early-
83:9373, 1986chronic phase but not accelerated-phase chronic myelogenous leuke-

42. Zuker M, Stiegler P: Optimal computer folding of large RNAmia patients. Blood 87:4770, 1996
sequences using thermodynamics and auxiliary information. Nucleic25. Ausubel FM, Brent R, Kingston RE: Current Protocols in

Molecular Biology. New York, NY, Wiley & Sons, 1987 Acids Res 9:133, 1981

AID Blood 0046 / 5h42$$$901 11-12-97 12:40:16 blda WBS: Blood

 For personal use only. at kuleuven on October 7, 2010. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

