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Development of a Model for Evaluating the Interaction Between Human Pre-B
Acute Lymphoblastic Leukemic Cells and the Bone Marrow Stromal Cell
Microenvironment

By Nisha Shah, LeAnn Oseth, and Tucker W. LeBien

Clonal expansion of B-cell precursor acute lymphoblastic
leukemia (ALL) is potentially regulated by survival, growth,
and death signals transduced by the bone marrow (BM)
microenvironment. Using a human BM stromal cell culture
that supports the growth of normal human B-cell precursors,
we established a pre-B ALL cell line designated BLIN-2.
BLIN-2 has a clonal rearrangement of the Ig heavy chain
locus, a dic(9;20) chromosomal abnormality, and a bi-allelic
deletion of the p16/NK4a and p19°RF genes. The most interest-
ing feature of BLIN-2 is an absolute dependence on adherent
human BM stromal cells for sustained survival and growth.
BLIN-2 cultured in the absence of BM stromal cells undergo
apoptosis, and direct contact with viable BM stromal cells is
essential for optimal growth. BLIN-2 cells also grow on

man skin fibroblasts, making it unlikely that a very late
antigen-4 (VLA-4)/VCAM-1 interaction is required for BLIN-2
growth. Western blot analysis of BLIN-2 cells cultured in the
presence or absence of BM stromal cells demonstrates that
contact of BLIN-2 with BM stromal cells induces hyperphos-
phorylation of Rb. In contrast, the pre-B ALL cell line BLIN-1,
which has a bi-allelic deletion of p16'NK4a p19ARF but does not
require BM stromal cells for growth, does not undergo Rb
phosphorylation after BM stromal cell contact. The BLIN-2
cell line will facilitate identification of ligand/receptor interac-
tions at the B-cell precursor/BM stromal cell interface and
may provide new insight into microenvironmental regula-
tion of leukemic cell survival and growth.

© 1998 by The American Society of Hematology.

vascular cell adhesion molecule-1 (VCAM-1)-negative hu-

CUTE LYMPHOBLASTIC leukemia (ALL) is a malig- stromal cells to the survival and programmed cell death of
nancy characterized by the clonal expansion of T- orB-cell precursor ALL'6-18 Interestingly, a strong inverse corre-

B-lineage lymphoid progenitors, and approximately 70% of lation was observed between the inherent propensity of leuke-
newly diagnosed cases involve CD1€ells at various stages of mic blasts from individual patients to survive on BM stromal
B-cell precursor developmehE The cytogenetic and molecular cells and the probability that individual patients would achieve
genetic abnormalities in B-cell precursor ALL frequently con- long-term, event-free surviva®. The probability of event-free
sist of chromosomal translocations involving genes that encodsurvival at 4-year follow-up was lower among patients whose
transcription factors, and many of these transcription factodeukemic blasts survived for up to 7 days on BM stromal cells in
genes are members of the homeobox-contaitt@X gene  vitro compared with patients whose leukemic blasts underwent
family.#5 Look® has recently discussed how aberrant regulationapoptosis within 7 days on stromal cells.
of HOX gene expression, subsequent to the aforementioned Our laboratory has developed a BM stromal cell culture
translocations, may contribute to the transformation process isystem that supports the survival and growth of normal human
ALL. For example, alterations ihlOX gene expression could B-cell precursord? The stromal cells in this culture are
subvert the normal program of apoptotic fate characteristic oforedominantly fibroblast-like adventitial reticular cells that
most lymphoid progenitorsHowever, much less understood is express vascular cell adhesion molecule-1 (VCAMIQpti-
the potential contribution of bone marrow (BM) microenviron- mal growth occurs in serum-free medium supplemented with
mental survival/growth stimuli to the clonal expansion of interleukin-7 (IL-7), and direct contact with BM stromal cells is
leukemic progenitors, potentially in the background of dis- essentiat®2tIn the current study, we describe the application of
rupted apoptotic programs. this BM stromal cell culture to evaluate the capacity of BM

Analyses of various cytokines, interleukins, and colony- stromal cells to support the long-term growth of B-cell precur-
stimulating factors for their capacity to support the survival andsor ALL. We report the development and characterization of a
growth of B-cell precursor ALL in vitro have been reporfef.  new B-cell precursor ALL cell line, designated BLIN-2, that
Importantly, several of these studies surveyed a range oéxhibits an absolute dependency on BM stromal cells for
cytokines and concluded that no single cytokine or combinatiorsurvival and growth. BLIN-2 is a novel cellular resource for
of cytokines could support the clonogenic growth of leukemic
cells from a significant number of casés1> A potential

common limitation in all these studies was a failure t0 o the Department of Laboratory Medicine/Pathology, Center for
adequately evaluate the clonogenic growth potential of leukeimmunology, and the Cancer Center, University of Minnesota, Minne-
mic blasts using a culture system that recapitulates the BMapolis, MN.

microenvironment. B-cell precursor ALL is a malignancy of = Submitted May 11, 1998; accepted July 7, 1998.

BM origin. It follows that at least the earliest stages of B-cell Supported in part by National Institutes of Health Grants No. RO1
precursor ALL exhibit a requirement on BM microenvironment- CA31685 and R01 CA76055.

derived survival or growth factor signals for expansion of the Address reprint requests to Tucker W. LeBien, PhD, Box 806 FUMC,

leukemic cell clone. How these BM microenvironment-derived YNiversity of Minnesota Cancer Center, 420 Delaware St, SE, Minne-
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. ) ) tisement”in accordance with 18 U.S.C. section 1734 solely to indicate
A series of studies from Campana et al have described thesis fact.

development and use of a short-term (ie, 7 days) BM stromal © 1998 by The American Society of Hematology.
cell-based in vitro assay for examining the contribution of BM  0006-4971/98/9210-0014$3.00/0
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elucidating the ligand/receptor interactions essential for theand were used between passages 8 and 11 in the experiments described
development of normal and leukemic human B-cell precursorsherein.
Antibodies. Monoclonal antibodies (MoAbs) recognizing specific
Ig molecules or membrane proteins and their conjugation to fluorescein
MATERIALS AND METHODS isothiocyanate (FITC) or biotin have been describe#:23-24Streptavi-
Establishment of BLIN-2. Cryopreserved BM from a 3-year-old din-phycoerythrin (PE) was purchased from Caltag Laboratories (South
girl with newly diagnosed B-cell precursor ALL (based on immunophe- San Francisco, CA). Goat antimouse FITC was purchased from
notype and histopathology) was thawed from liquid nitrogen andSouthern Biotechnology Associates, Inc (Birmingham, AL). Rabbit
centrifuged over a Ficoll-Hypaque gradient (Histopaque; Sigma Chemi-2ntibody recognizing the human retinoblastoma (Rb) protein was
cal Co, St Louis, MO) to remove dead cells. Approximately 2.00°  purchased from Santa Cruz Biotechnology (Santa Cruz, CA) as a
recovered interface cells were washed three times in RPMI-1640 (Lifehorseradish peroxidase conjugate (catalog no. SC-050-HRP) and was
Technologies, Grand Island, NY), supplemented with 2% fetal bovineused in Western blotting. Rabbit anti-Rb was made against a peptide
serum (FBS; Hyclone, Ogden, UT), and plated onto a pre-establishegorresponding to amino acids 914-928 at the carboxy terminus of p110
adherent layer of adult BM stromal cells in 96-well flat-bottom Rb and recognizes phosphorylated and nonphosphorylated forms of Rb.
microtiter plates (Costar, Cambridge, MA). One objective at this stage Immunofluorescent staining and flow cytometryhese methods
was to determine whether leukemic B-cell precursors would exhibithave been previously describ&£!22
optimal growth when cultured on BM stromal cells supplemented with  Cytogenetics and fluorescence in situ hybridization (FISH)leta-
IL-7, as we had previously shown for normal human pro-B c€lfa. phase cells were harvested from short-term unstimulated cultures of the
Leukemic cells were therefore cultured in the absence or presence gfatient's BM or from the actively growing BLIN-2 cell line and were
IL-7 (10 ng/mL; PeproTech, Rocky Hill, NJ) at an initial density of subsequently G-banded using Wright stain according to standard
3.5X 10*cells/well. After 3 weeks in culture, approximately 50% of the cytogenetic procedurét.In the initial analysis of BLIN-2, 15 meta-
wells had viable leukemic cells as judged by inverted light microscopy,phase cells were analyzed microscopically for definition of the clonal
independent of whether the leukemic cells were cultured in the presencabnormalities. FISH was performed using chromosome 9 and chromo-
or absence of IL-7. The cellular content of wells with viable cells was some 20 whole chromosome paint probes (VYSIS Inc, Downersgrove,
diluted 1:2 and passaged onto fresh adult BM stromal cells. After anL) directly labeled in Spectrum orange and Spectrum green, respec-
additional 3 weeks, the leukemic cells were pooled from multiple wells tively. FISH was performed with modification of the manufacturer’s
and phenotyped. The leukemic cells established in culture at this stag@structions. Briefly, target DNA was denatured, hybridized with the
were designated B lineage-2 (BLIN-2). Because IL-7 had no additionalyrohes for 16 hours, and washed ik BSC at 72°C. Chromosomes
effect on BLIN-2 survival or growth beyond the supportive effect of the \yere counterstained witH 46'-diamidino-2-phenylindole (DAP), and
stromal cells, IL-7 supplementation was discontinued. metaphase cells and hybridization signals were visualized under an
_ Other cells. BLIN-1is a surface /s light chain” pre-BALL el ympus microscope outfitted for fluorescence with a triple band pass
line or!glnally estabhsh(_ed in this Iaborato%%/RAl_VIOS is an Epste_:ln- (B-MAX) filter (Olympus Optical Co Ltd, Tokyo, Japan).
Barr virus (EBV)-negative, surface’fsurfacex light chain® Burkitt Growth assay. Adherent cells were seeded into 96-well flat-bottom
lymphoma cell line obtained from the American Type Culture Collec- microtiter plates at 0.6 to 1.8 10* cells/well in EX-CELL 610/10%

tion (ATCC; Rockville, MD). BLIN-1 and RAMOS were maintained in FBS. After 3 to 5 days, the adherent cells were washed with X-VIVO

) . 0 -
RPMI-1640 supplemented with 10% FBS, .100 N pen|C|II|_n/mL, and 10/0% FBS and BLIN-2 cells were seeded at 1 t& 30* cells/well in a
100 pg streptomycin/mL. Fluorescence-activated cell sorting (FACS)-,

o ) . final volume of 200 pL of X-VIVO 10/0% FBS. X-VIVO 10 is a
purified fetal BM pro-B cells were isolated as previously descried. serum-free medium purchased from BioWhittaker, Inc (Walkersville
Adherent cells. Fetal BM was obtained from 19- to 21-week P ' ’

. . . S MD). | ins human m al in i in insuli
gestational age fetuses, in accordance with guidelines set forth by the ). It contains human serum albumin as a carrier protein and insulin

University of Minnesota Committee on the Use of Human Subjects in"’maI transferrin as growth-promoting supplements. The capacity of

Research. A detailed description of the methods we use for theBLIN-2 cells to grow in the absence of BM stromal cell contact was

establishment of human BM stromal cells has been publidhe tested by plating BLIN-2 cells into 6.5-mm transwells (Costar) contain-
Briefly, total BM mononuclear cells were isolated by Ficoll-Hypaque "9 @ 0.4-um polycarbonate membrane suspended ab9ve the adherent
centrifugation and seeded into 75&tissue culture flasks (Falcon, Cells- The cultures were fed every 3 to 4 days by replacing 50% of the

Lincoln Park, NJ) in RPMI-1640 containing 10% FBS. Nonadherent Culture volume with fresh X-VIVO 10/0% FBS, unless otherwise
cells were washed off after 2 hours at 37°C, and the adherent cells wergiaed- BLIN-2 growth was quantified using PE-conjugated anti-CD19
cultured in EX-CELL 610 (JRH Biosciences, Lenexa, KS) supple- in a microsphere flow cytometric-based quantitation agsay.
mented with 10% FBS, 100 U/mL penicilin, and 100 pg/mL of Apoptosis and cell cycle analysisCells were cultured at X 10°
streptomycin. An adherent layer of BM stromal cells was generally Cells/60-mm petri plate in 4 mL of X-VIVO 10 serum-free medium in
established within 1 week. The cells were then detached with 0.0594N€ presence or absence of fetal BM stromal cells. At each time point,
trypsin, 0.53 mmol/L EDTA (Life Technologies, Grand Island, NY) and BLIN-2 cells were gently removed from culture without disrupting the
transferred into new 75-chflasks containing fresh EX-CELL 610/10% adherent layer and simultaneously analyzed for subdiploid events and
FBS. The adherent layer reached confluence within 1 week, and th€ell cycle using the method of Nicoletti et #IBriefly, the cell pellet
cells were passaged a second time. Adult BM stromal cells weravas gently resuspended in 1 mL of hypotonic solution (50 pg/mL
established and passaged in the same manner as fetal BM stromal cel@opidium iodide in 0.1% sodium citrate plus 0.1% Triton-X-100) and
except that adult BM stromal cells required 2 to 3 more days to reachincubated overnight at 4°C in the dark. Analysis of intact and
confluence. Upon reaching 90% confluence after second passage, fefs#gmented nuclei was achieved using a FACSCalibur flow cytometer
and adult BM stromal cells could be maintained in EX-CELL 610 (Becton Dickinson and Co, Mountain View, CA) and CELLQuest
serum-free medium. software. Chromatin degradation, a characteristic of apoptosis, was
Foreskin fibroblasts were originally obtained at first passage from Drdetected as a heterogeneous subdiploid population to the left of the peak
Elizabeth Wayner (formerly of the Department of Laboratory Medicine/ corresponding to intact nuclei in GO/G1 phases of the cell cycle.
Pathology, University of Minnesota, Minneapolis, MN). These cells FITC-conjugated Annexin V was purchased from Pharmingen (San
were maintained and passaged as described above for BM stromal celBiego, CA) and used according to the manufacturer’s instructions.
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Briefly, cells were washed once in ice-cold phosphate-buffered salinavash in a neutralization solution containing 1.5 mol/L NaCl and 0.5
(PBS) and then washed once in prewarmed binding buffer (10 mmol/Lmol/L Tris-HCI, pH 7.5, for 30 minutes at room temperature. The DNA
HEPES, pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L CaflCells were was then transferred onto a nylon membrane (Nytran; Schleicher &
resuspended in 100 pL binding buffer containing 5 pL of Annexin Schuell, Keene, NH) using vacuum blotting with a PosiBlot (Strata-
V-FITC and 10 pL of propidium iodide (50 pg/mL of stock solution) and gene, La Jolla, CA) and the membrane was UV cross-linked with 120
then incubated at room temperature for 15 minutes. An additional 400mJ/cn? (UV Crosslinker; Fisher Scientific, Pittsburgh, PA) and allowed
uL of binding buffer was added to the cells before analysis using ato air-dry. Probes were end-labeled with AFPEP] using T4 Polynucleo-
FACSCalibur flow cytometer and CELLQuest software (Becton Dickin- tide Kinase (Life Technologies) according to the manufacturer’s
son, San Jose, CA). recommendations. Blots were prehybridized in 1 mol/L NaCl, 0.2 mol/L
Polymerase chain reaction (PCR) and Southern blottingRI Tris-HCI, pH 7.5, 0.1% sodium dodecyl sulfate (SDS), containing 200
Reagent (Molecular Research Center, Cincinnati, OH) was used tqg/mL denatured salmon sperm for 2 hours at 49°C to 51°C. Hybridiza-
extract DNA from BLIN-1, RAMOS, and BLIN-2 cells. Approximately tion was conducted in the same solution and at the same temperature as
0.5 ug of DNA was amplified using 0.4 mmol/L of each specific primer, the prehybridization, with the addition of AT22P]-labeled probes for
0.4 mmol/L of dNTP, 1.5 mmol/L MgG| and 2.5 U AmpliTaq (Perkin 18 hours. The membranes were washed sequentially withSEC,
Elmer, Branchburg, NJ) in a final volume of 50 pL. The mixture was 0.1% SDS twice at room temperature for 10 minutes each and then at
overlaid with 100 pL mineral oil. The PCR reaction was performed inan54°C to 58°C for 10 minutes, followed by a final wash at room
automated DNA Thermal Cycler (Hybaid Ltd, Middlesex, UK) with the temperature for 5 minutes. The membrane was developed by autoradiog-
following parameters: denaturation at 95°C for 4 minutes, 30 cycles ofraphy using X-Omat AR film (Eastman Kodak, Rochester, NY) at
94°C for 1 minute, annealing at 55°C for 1 minute, 1 minute of —70°C. Exposure times ranged from 3 to 6 hours.
extension at 72°C, and a final 10 minutes of extension at 70°C. The primer pairs used were as followsl5NK4 exon 2, 3-CGA-
Amplified products were electrophoresed on 1.5% agarose gels. Th&GA-GAA-CAA-GGG-CAT-3 and 3-GAA-TGC-ACA-CCT-CGC-
gels were washed in a denaturing solution containing 0.5N NaOH andCAA-CG-3'; p19*RF exon 1B, 5'-AGT-CTG-CAG-TTA-AGG-GGG-
1.5 mol/L NacCl for 20 minutes at room temperature, followed by one CAG-3' and 3-GGC-TAG-AGA-CGA-ATT-ATC-TGT-3; plgNK4a
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Fig 1. Immunophenotype of BLIN-2. Background staining using isotype-matched myeloma proteins as negative controls is shown by the
horizontal bar in the upper left part of each histogram.
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Fig 2. FISH analysis of BLIN-2
cells from February 1998. Nor-
mal chromosome 9 is shown in
red, normal chromosome 20 in
green, and dic(9;20) as red/green.
Chromosomes were counter-
stained with DAPI (blue).

exon Iy, 5'-GAG-GCG-GCG-AGA-ACA-TGG-TG-3 and B-CTT-
CTA-GGA-AGC-GGC-TGC-TG-3 p18NK4ap19°RF exon 2, 3-GCT-
TCC-TTT-CCG-TCA-TGC-CG-3and 83-CAA-ATT-CTC-AGA-TCA-
TCA-GTC-C-3; actin, B-ATC-ATG-TTT-GAG-ACC-TTC-AA-3 and
5'-CAT-CTC-TTG-CTC-GAA-GTC-CA-3. The sequence of the inter-
nal probes used to detect specific amplified products by Southermnd Processing Laboratory, University of Minnesota Medical School.

profiles were adjusted to remove background. The area under the curve
was calculated in square millimeters and calibrated to an internal
machine constant. Band intensity values were expressed as ratios of
hyperphosphorylated Rb to the total Rb in each lane. Scanning densi-
tometry was conducted using the facilities of the Biomedical Imaging

blotting were as followsp15NK4b exon 2, 3-CAA-ATC-TAC-ATC-
GCG-ATC-TAG-G-3; p19*RF exon B, 5'-CAC-CAA-ACA-AAA- CAA-
GTG-CG-3; pleNk4a exon In, 5'-GAC-GCT-GGC-TCC-TCA-GTA- 25

GC-3; plENK4Ap1RF exon 2, B-CTG-TTC-TCT-CTG-GCA-GGT- 100% Confluent
CAT-G-3’; and actin, 3ATG-TCA-CGC-ACG-ATT-TCC-CG-5. -|-
Western blotting. BLIN-1 or BLIN-2 cells were cultured on BM 20- 10% Confluent

stromal cells or in medium alone for 18 hours. The leukemic cells were<t
gently poured off the BM stromal cell adherent layer, lysed in 0.05 -]
mol/L Tris, 0.25 mol/L NaCl, 0.5% NP-40, 1 mmol/L phenylmethylsul- —

fonyl fluoride (PMSF), 1% aprotinin, 10 pg/mL leupeptin, 0.1 mol/L fi 154
NaF, and 0.002 mol/L sodium orthovanadate and then vortexed for 3( ymy
minutes at 4°C. The lysates were centrifuged for 30 minutes at 18,500 "Ej
at 4°C. The supernatant was removed and protein quantitation wa B 104
conducted using the Coomassie Plus Protein Assay Reagent (Pierc~_
Rockford, IL). Forty to 50 pg of protein per sample was electrophoresec

on a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) geT)
and then transferred onto a nitrocellulose membrane (Bio-Rad LaboraU 54
tories, Hercules, CA). The membrane was blocked in Tris-buffered
saline-Tween (TBST; 50 mmol/L Tris, pH 7.6, 150 mmol/L NaCl, 0.1%
Tween 20) containing 5% milk for 2 hours at room temperature. 0
Horseradish peroxidase-conjugated rabbit anti-Rb was incubated witl
the blot at a final concentration of 2 pg/mL for 30 minutes in TBST 0 5 10 15
containing 5% milk. The membrane was then washed 4 times a Day

10-minute intervals in TBST and developed by enhanced chemilumines

cence according to the manufacturer’s instructions (Amersham Life Fig 3. Growth of BLIN-2 on BM stromal cells. BLIN-2 cells (25 X
Science, Arlington Heights, IL). 104/well) were cultured on various concentrations of BM stromal

Quantitation of chemiluminescent Western blots was conducted byce“S’ and the number of BLIN-2 cells was quantified on days 7, 10, and

scanning densitometry using a mod(_el GS-700 Imaging _Densitometeh_ Each symbol represents the mean + SD of triplicate wells. One
(Bio-Rad, Hercules, CA). Data analysis was conducted using Moleculahyndred percent confluency corresponds to approximately 6 x 103

Analyst ver 2.0 software. The intensity of individual bands was BM stromal cells per 200-pL flat-bottom microtiter well. This experi-
converted to a histogram profile of the sum of the pixel density, and thement is representative of five similar experiments.

1% Confluent
Medium

O> <o O
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RESULTS a deletion of its distal short arm and loss of one chromosome 20
Establishment of the BLIN-2 cell line.This study was @S the sole karyotypic abnormalities. G-banded chromosomal

initiated to establish BM stromal cell-dependent pre-B ALL cell @nalysis of the BLIN-2 cell line in June 1994 showed these
lines as part of a long-term project to elucidate how BM stromalS@me abnormalities and also a gain of a chromosome 8. The
cells influence the development of this malignancy. Twenty-0rigin of the trisomy 8 in BLIN-2 cells is unknown. It may have
three consecutive BM specimens from patients with neW|ybeen present as a rare subclone in the original BM specimen that
diagnosed ALL were plated on allogeneic BM stromal cell expanded in culture, or it could have arisen during evolution of
feeders in X-VIVO 10 serum-free medium in the presence orthe cellline in culture.
absence of IL-7. Of these 23 specimens, 17 showed a less than In February 1998, G-banded chromosomal analysis of the
10-fold increase in CD19cell number after 4 weeks in culture, BLIN-2 cellline was repeated and supplemented by FISH using
whether IL-7 was present or not. Six specimens showed &hromosome 9 and chromosome 20 paint probes (Fig 2). FISH
greater than 10-fold expansion in CD18ell number. One of showed that the abnormal chromosome 9 was actually a
these cultures, designated BLIN-2, is the subject of this reportdicentric chromosome containing the short arm of a chromo-
The BLIN-2 cell line was initiated in April 1993 using some 20 joined to the long arm of a chromosome 9, with
cryopreserved BM from a pediatric patient diagnosed withcentromeric regions of both chromosomes included in the
ALL. The cryopreserved leukemic BM specimen was 100% rearrangement. Thus, the karyotype of this cell line has been
CD19* and 50% CD34 at the time of initial plating onto adult  stable in culture and can be definitively designated as
BM stromal cells, and a stable population of leukemic cells46,XX,+8,dic(9;20)(p11;q11.1). This karyotype results in net
emerged after approximately 6 weeks. As shown in Fig 1, thdosses of one copy each of the short arm of chromosome 9 and
established cell line expressed a typical pre-B phenotype (iethe long arm of chromosome 20 and a net gain of one copy of
CD19*, CD20+, CD22t, CD34", weakly surface f, ¢ light ~ chromosome 8.
chain, andk/\ light chairr). Southern blot analysis of DNA Stromal cell dependence of BLIN-2The BLIN-2 cell line
isolated from the original cryopreserved leukemic BM speci-was established on an adherent monolayer of BM stromal cells
men and BLIN-2 cells in culture for 6 months showed identical and has maintained a strict BM stromal cell requirement for
heavy and light chain Ig gene rearrangements (data not showngurvival and growth. BLIN-2 growth showed a good correlation
DNA from the original cryopreserved leukemic BM specimen with the number of BM stromal cells on which BLIN-2 was
and BLIN-2 was amplified by PCR using consensygsfamily initially plated. As shown in Fig 3, when BLIN-2 cells were
primers and consensus primers that would amplify, J,3,and  plated on 100% confluent BM stromal cells, there was an
J44 genes. The amplified products were sequenced, and theightfold increase in BLIN-2 by day 14. In contrast, 10%
original cryopreserved leukemic BM specimen and the estabeonfluent BM stromal cells only supported a 3.5-fold increase in
lished BLIN-2 cell line were shown to harbor identical BLIN-2 by day 14, and 1% confluent BM stromal cells or
Vi3(Dn4)J44 rearrangements across 80 nucleotides of seserum-free medium alone failed to support survival or growth.
guence (including identical N region insertions). This con- We emphasize that this BM stromal cell culture system does not
firmed the clonal identity of the original BM leukemic cells and require serum supplementation. Addition of up to 20% vol/vol
the established BLIN-2 cell line using a unique V(D)J rearrange-+BS does not enhance growth of BLIN-2 on BM stromal cells.
ment as a fingerprint. Furthermore, BLIN-2 cells cultured in the absence of BM
G-banded chromosomal analysis of the patient's BM atstromal cells do not grow in X-VIVO 10 serum-free medium
diagnosis in June 1993 showed a hypodiploid clone with asupplemented with FBS. Growth of BLIN-2 is also not contin-
45,XX complement, including an abnormal chromosome 9 withgent upon a specific source of human BM stromal cells, because
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Fig 4. The role of BM stromal cell contact in the growth of BLIN-2. BLIN-2 cells cryopreserved in February 1995 and thawed for use in this
experiment in January 1998 (A) or maintained continuously on BM stromal cells (B) were cultured in direct contact with BM stromal cells, in
transwell inserts (noncontact) suspended above the BM stromal cells, or in medium alone. BLIN-2 growth was quantified on days 7, 11, or 15.
Each symbol represents the mean = SD of triplicate wells. This experiment is representative of six similar experiments.
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12.5 BLIN-2 cells were cultured in direct contact with BM stromal

O BM Stromal Cells cells, and a transwell containing BLIN-2 cells was inserted

E : above the BLIN-2/BM stromal cell contact culture, BLIN-2

. Medium I cells in the transwell failed to grow, whereas BLIN-2 cells in

W Fixed (1% Para) direct contact with BM stromal cells grew normally (data not

shown). These results make it unlikely that BLIN-2 cell contact

@ Lysed (1% Triton) induced the BM stromal cells to secrete a product that supported

= BLIN-2 growth.

- The importance of BM stromal cell integrity was tested by

assaying the capacity of BLIN-2 cells to grow on Triton

X-100—-lysed or paraformaldehyde-fixed BM stromal cells. As

shown in Fig 5, fixed or lysed BM stromal cells were unable to

support BLIN-2 survival and growth. Thus, intact, metaboli-
cally active BM stromal cells are essential for BLIN-2 growth.
The growth kinetics of BLIN-2 on BM stromal cells (Figs 3,

8 4, and 5 and numerous other experiments) indicated that the
population doubling time of BLIN-2 is relatively slow. BLIN-2
would typically undergo a twofold to threefold increase in cell
number between days O and 7 and a fivefold to sevenfold

Fig 5. Growth of BLIN-2 on fixed or lysed BM stromal cells. BM jhcrease in cell number between days 7 and 14. As presented in
stromal cells were fixed in 1% parafprmaldghyde orlysedin 1% Trlton Fig 6A, BLIN-2 cells repetitively passaged on BM stromal cells

X-100 and then washed five times in medium before the addition of ! . ! r . .

BLIN-2 cells. BLIN-2 growth was quantified on days 4 and 8. Each bar showed a consistent sixfold to eightfold increase in cell number

represents the mean = SD of triplicate wells. This experiment is during the initial 14 days after transfer onto fresh stromal cells.

representative of four similar experiments. This rate of population increase was similar to IL-7—stimulated
normal human pro-B cells cultured on BM stromal cells (Fig
we have continuously maintained BLIN-2 cells on BM stromal 6B).

cells established from greater than 20 different donors. Apoptosis of BLIN-2 cells in the absence of BM stromal cells.

The role of direct BM stromal cell contact in supporting BLIN-2 cells were cultured on BM stromal cells or in serum-

BLIN-2 growth was evaluated using a transwell system. Figurefree medium alone, and propidium iodide-stained nuclei and

4 compared the growth characteristics of an early passage ofuclear fragments were analyzed by flow cytometry at various

BLIN-2 cryopreserved in February 1995 and thawed in Januarytime points. Figure 7 shows that BLIN-2 cells cultured on BM

1998 for use in this experiment versus BLIN-2 cells that hadstromal cells did not exhibit an increase in subdiploid events

been passaged continuously. Figure 4A and B shows that directuring 4 days of culture. In contrast, BLIN-2 cells cultured in

contact with BM stromal cells was essential for optimal BLIN-2 serum-free medium alone showed no accumulation of subdip-
growth. The February, 1995 BLIN-2 cells cultured in transwell loid events at day 1, but underwent an increase to approximately
inserts slowly died over the 15-day culture period and increase@7% subdiploid events at day 2, that reached approximately
10-fold in contact with BM stromal cells (Fig 4A). In contrast, 60% by day 4. In a separate experiment shown in Fig 8, Annexin
the continuously passaged BLIN-2 cells underwent a veryV binding was coupled with propidium iodide staining to
modest fourfold increase by day 15; this compared with thequantify early stage apoptotic events (ie, Annexin, \prop-

33-fold increase under contact conditions by day 15. Whendium iodide™). BLIN-2 cells cultured on BM stromal cells for 4

—
=]

e
in
]

Ln
1

Cells/well (x10%)

[
in
1

BLIN-2 Normal Pro-B Cells

50

s o Fig 6. Comparison of BLIN-2
T1
D 0 glnal A 6 B and normal pro-B cell growth on
404 & Transfer 1 BM stror’_n_al cells. BLIN-2 and
g FACS-purified normal pro-B cells
8 O Transfer 2 were plated at 2.5 to 5.0 x 104/
= 30 well on BM stromal cells and
S A Transfer 3 44 cultured in X-VIVO 10/0% FBS.
e The pro-B cells were supple-
E 204 mented with 10 ng/mL of IL-7.
[=) BLIN-2 and pro-B cell numbers
(o 24 were quantified on day 7 and
10 replated onto fresh BM stromal
1 cells (transfer 1) at the initial cell
K concentration of 2.5 to 5.0 x
d:-- 104/well. Quantitation of cell
T = T T 0 T T T i

0 10 20 30 40 50 0 10 20 30 10 30 numbers and replating onto fresh

BM stromal cells was repeated
on day 14 (transfer 2) and day 21
(transfer 3).

Day Day

20z aunr g0 uo 3senb Aq jpd' /L 8€/2897 1L LL/LL8E/0L/Z6/)Pd-]o1e/pOOgJeU sUOKEDIIqNdysE//:d)Y WOl papeojumoq



STROMAL CELL-DEPENDENT ALL CELL LINE 3823

BM Stromal Thus, VCAM-1 binding to VLA-4 and signaling pathways
. activated after VLA-4 cross-linking are probably not essential

Cells Medium for BLIN-2 growth. BM stromal cells and foreskin fibroblasts

g = were comparable in their capacity to support BLIN-2 growth.

3 3 However, human umbilical vein endothelial cells, the murine
3 Dav 0 S17 BM stromal cell line, and NIH-3T3 fibroblasts did not
126% 3.6% y support BLIN-2 growth (data not shown).
O Al T Potential role of the retinoblastoma (Rb) pathway in BLIN-2
o growth. Homozygous deletions or point mutations in the
g & pleNK4a cyclin-dependent kinase (CDK) inhibitor gene on
chromosome 9p are found in many freshly isolated human
E 3 Day 1 tumors and tumor cell lines, including AL¥:28 Furthermore,
3 +— the p18NK4a Jocus in mous® and huma#f-3tincludes a novel
© prm————— O At i gene, designatedl19'\RF (for alternative reading frame), that
- - uses an exon (exorg} that is 13 to 20 kb centromeric to exon
& | la used bypl@NK4a Because BLIN-2 has a dic(9;20), we
] E evaluated the status of tipd 6NK42 p19*RF, andp15NK4P genes
1 09% 1 26.9% Day 2 by PCR. To reduce the possibility that analysis of BLIN-2 DNA
] — would be confounded by contaminating BM stromal cell DNA,
g 00 h A1~ we FACS-purified BLIN-2 before conducting the PCR. As
shown in Fig 10, BLIN-2 has deleted both alleles gff*RF
exon B, pleNk4a exon In, and plBNK4aplPRF exon 2.
E E However, PCR amplification using13Nk4b exon 2-specific
4 13% 4 54.5% Day 3 primers indicated that at least op@3Nk allele was present.
D'—_—| E These results contrast with RAMOS cells that contain an intact
i T o0 T t00 INK4a locus and the BLIN-1 pre-B ALL cell line that has the
= g three genes deleted.
™3 ™3 With the results in Fig 10 showing that bopi8N%4a alleles
3 ] Dav 4 are deleted in BLIN-2, we hypothesized that growth of BLIN-2
114% 3 59'9%\ y on BM stromal cells may occur by virtue of continuous
- o activation of the cyclin D/CDK/Rb pathway. As an initial
o Tgoa 01000 approach in testing this hypothesis, we examined the status of
DNA Content Rb phosphorylation in BLIN-2 and BLIN-1 cells in the
presence or absence of BM stromal cell contact. The pre-B ALL
Fig 7. Flow cytometric analysis of subdiploid events in BLIN-2 cell line BLIN-1 was used as a control. because it has both
cells cultured in the presence or absence of BM stromal cells. . ]
BLIN-2/stromal cell cultures were gently shaken to displace BLIN-2 plGNK4a alleles deleted (Flg 10) but is not dEpendent on BM
from the stromal cells. These stromal cell-displaced BLIN-2 cells and stromal cells for growth. As shown in Fig 11, two isoforms of
BLIN-2 cells in medium alone were then lysed in 0.1% Triton X-100, Rb were present in BLIN-2 cells cultured in the presence or
and the nuclei were isolated and stained with propidium iodide. The absence of BM stromal cells for 18 hours, but a difference in the
percentage of subdiploid events is listed in each histogram. This . .
experiment is representative of six similar experiments. relative ratio of hypo-phosphorylated (PRb) to hyper-phqsphory-
lated (ppRb) Rb was detected. Scanning densitometry indicated
that 80% of Rb was hyperphosphorylated in BLIN-2 cells
days (Fig 8A) had 2% Annexin Vpropidium iodide apoptotic  cultured on BM stromal cells (Fig 11, lane 4), whereas only
events and less than 10% Annexin®gropidium iodide 47% of Rb was hyperphosphorylated in BLIN-2 cells main-
events that represent dead cells. In contrast, BLIN-2 cellgained in medium alone (Fig 11, lane 3). In contrast, the control
cultured in medium alone for 4 days (Fig 8B) had 5.7% AnnexinBLIN-1 cell line exhibited only one predominant hyper-
V*/propidium iodide apoptotic events and greater than 60% phosphorylated Rb isoform, independent of whether the cells
Annexin VV*/propidium iodide dead cells. were maintained on BM stromal cells or in medium alone.
BLIN-2 growth does not depend on very late antigen-4 The kinetics of Rb phosphorylation in BLIN-2 was evaluated
(VLA-4)/VCAM-1 interaction. BM stromal cells used in our by time-course analysis. BLIN-2 cells were cultured in medium
culture system are fibroblast-like adventitial reticular cells thatalone for 18 hours, replated onto fresh BM stromal cells, and
express VCAM-2%23 Figure 9 shows that human foreskin assessed for subsequent changes in Rb phosphorylation. As
fibroblasts were as effective as BM stromal cells in supportingexpected, BLIN-2 cells cultured in medium alone for 18 hours
BLIN-2 growth, even though we could not detect VCAM-1 on expressed more hypo-phosphorylated Rb (Fig 12, lane 4),
the surface of foreskin fibroblasts by flow cytometry (data notcompared with BLIN-2 cells maintained on BM stromal cells
shown). Furthermore, inclusion of saturating concentrations ofor 18 hours (Fig 12, lane 3). The pattern of Rb phosphorylation
MoAb recognizing VCAM-1, or thead4 or Bl subunits of in BLIN-1 was the same whether the cells were cultured on BM
VLA-4, had no effect on BM stromal cell-dependent growth stromal cells (Fig 12, lane 1) or in medium alone (Fig 12, lane
when used individually or in combination (data not shown). 2). These results are consistent with the results in Fig 11, except

Relative Number of Events
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BM Stromal Cells Medium

109

A

Fig 8. Annexin V/propidium
iodide dual staining of BLIN-2
cells cultured in the presence (A)
or absence (B) of BM stromal
cells for 4 days. BLIN-2/stromal
cell cultures were gently shaken
to displace BLIN-2 from the stro-
mal cells. These stromal cell-
displaced BLIN-2 cells and BLIN-2
cells in medium alone were then
stained with propidium iodide
and FITC-conjugated Annexin V.
The numbers represent the per-
centage of propidium iodide*/
Annexin V+* or propidium io-
dide-/Annexin V* cells as a

FITC-AnneXin AY/ function of total cells analyzed.
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that, in the experiment shown in Fig 12, three distinct phosphorymajority of these cell lines proliferate in FBS-supplemented
lated Rb isoforms are visible. When BLIN-2 cells cultured in tissue culture medium in the absence of any adherent feeder
medium alone for 18 hours (Fig 12, lane 4) were transferred tdayer (Zhang et & and references therein), although one study
fresh BM stromal cells, a shift toward hyper-phosphorylated Rbdid present a brief description of a B-cell precursor ALL cell
was detected between 6 and 9 hours. The absence of detectallilge that required BM stromal cells for growth.We have
Rb in BM stromal cells provided a useful control to confirm that previously reported that BM stromal cell-dependent human
BLIN-2 cell protein lysates were not contaminated with BM B-cell development can occur in the absence of R-@pnsis-
stromal cell proteins. tent with the fact that SCID patients with mutations in &
subunit of the IL-7 receptor or Jak-3 tyrosine kinase have
DISCUSSION normal (or even elevated) numbers of B cé#s8 Although
This report describes the establishment and characterizatiosome B-cell precursor ALL respond to IL-7, IL-7 by itself is not
of a novel human pre-B ALL cell line with an absolute a potent growth stimulus for the majority of B-cell precursor
requirement on BM stromal cells or skin fibroblasts for optimal ALL.11-15 Thus, BM stromal cell products in addition to IL-7
growth. A large number of ALL cell lines have been generatedmust be essential for survival and/or growth of normal and
from patients with B-cell precursor or T-lineage ALL. The vast leukemic human B-cell precursors. We therefore sought to

TGO BM Stromal Cell (VCAM-19) S ~ o
= & Foreskin Fibroblasts (VCAM-1-) Q) @ @ @
% 10 Medium OV
% pl5 exon 2 . -
% . pl19 exon 13 .
§ 0. pl6 exon la, .

pl6-p19 exon 2 -

0 ~————F——FH actin

0 5 10 15 20
Da Fig 10. Status of INK4 locus genes in BLIN-2. DNA was isolated
y from RAMOS, BLIN-1, and BLIN-2 using TRI reagent and amplified
with primers specific for various INK4 locus exons, as described in
Fig9. Growth of BLIN-2 on VCAM-1+ BM stromal cells or VCAM-1- Materials and Methods. BLIN-2 was separated from BM stromal cells
foreskin fibroblasts. BLIN-2 growth was quantified on days 7, 14, and by FACS sorting before DNA isolation. The RAMOS Burkitt lymphoma
19. Each symbol represents the mean + SD of triplicate wells. This cell line served as a positive control for amplification of all INK4 locus

experiment is representative of eight similar experiments. genes.

20z aunr g0 uo 3senb Aq jpd' /L 8€/2897 1L LL/LL8E/0L/Z6/)Pd-]o1e/pOOgJeU sUOKEDIIqNdysE//:d)Y WOl papeojumoq



STROMAL CELL-DEPENDENT ALL CELL LINE 3825

Cells: BLIN-1 BLIN-2

Fig 11. Phosphorylation of Rb in BLIN-2 cells . ]
cultured in the presence or absence of BM stromal Stroma: - + - _|_
cells. BLIN-1 or BLIN-2 cells were cultured in X-VIVO
10 serum-free medium for 18 hours in the absence
(=) or presence (+) of BM stromal cells. The cells Rb
were then harvested and lysed in 0.5% NP-40, and pp -
approximately 50 pg of protein per lane was electro- pr -

phoresed on a 10% SDS-PAGE gel. The separated
proteins were then transferred to nitrocellulose and .

Western blotted with rabbit antihuman Rb. The blot %Rb as ppr 93 91 47 80
was restained with mouse antihuman B tubulin to

control for equal protein loading. The numbers under

each lane represent the percentage of Rb detected as .
the hyper-phosphorylated isoform (ppRb + pRb + B-tubu11n
ppRb) by scanning densitometry.

establish ALL cell lines that would preserve a dependence orBM stromal cells supplemented with IL-7 undergo partial
BM stromal cells for long-term survival and growth in vitro to differentiation to the pre-B and immature B stages of B-cell
establish a model to evaluate the role of the BM microenviron-development! Thus, the ability of normal pro-B cells to

ment in the development of B-cell precursor ALL. differentiate and the inability of BLIN-2 to differentiate may
BLIN-2 has a typical pre-B cell phenotype, including the also explain the results.
expression of cell surface p heavy chaipdight chains, CD19, BLIN-2 cells removed from BM stromal cells gradually

CD20, and CD22 (Fig 1). Data in Figs 3, 4, and 5 demonstrataundergo apoptosis (Figs 7 and 8), consistent with the relatively
that (1) viable, intact BM stromal cells are essential for BLIN-2 slow growth rate of this cell line. BLIN-2 cells cultured in the
growth and (2) optimal growth requires direct contact. Althoughabsence of BM stromal cells exhibited a sharp increase in
removal of BLIN-2 from BM stromal cells leads to inevitable subdiploid events between days 1 and 2 that reached 60% by
apoptotic cell death, more recent passages of BLIN-2 exhibiday 4 (Fig 7). However, analysis of the early stages of apoptosis
slightly greater survival in noncontact (transwell) conditions by Annexin V binding to exposed phosphatidylserine residues
(Fig 4A and B). Furthermore, earlier passages of BLIN-2indicated only a minor percentage (5.6%; Fig 8B) of Annexin
doubled every 4 to 5 days, whereas recent passages doubl&'/propidium iodide events 4 days after the removal of
approximately every 2 days (Fig 4A and B). These data suggedBLIN-2 cells from BM stromal cells. The difference between
that selection of a subclone (or subclones) with greater proliferathe results in Figs 7 and 8 probably reflects the difference in the
tive capacity has occurred during continuous passage of BLIN-2wo assays. The Annexin V binding assay detects early stages of
on BM stromal cells. The genetic differences that underlie thisapoptosis in intact cel®.In contrast, propidium iodide analysis
modest change in survival and proliferation status are unknownof subdiploid events essentially detects nuclear fragments,
The population doubling time of BLIN-2 on BM stromal cells is which do not necessarily correlate with the number of apoptotic
comparable to the population doubling time of normal pro-B cells#°

cells stimulated with IL-7 (Fig 6). One interpretation of these A major question not resolved in the current study is the
data would argue that BLIN-2 and normal pro-B cells are identity of the BM stromal cell-derived ligand (or ligands), and
dependent on similar BM stromal cell products for survival andtheir cognate receptors on BLIN-2, essential for the survival and
growth. The difference in long-term growth characteristics (ie,growth of BLIN-2. The data in Fig 4 indicate that direct contact
permanent growth of BLIN-2 vis-gis limited growth of  with BM stromal cells is essential for optimal growth, but
normal pro-B cells) could then be at least partially attributed tominimal survival/growth also occurs in noncontact conditions.
the absence of p¥“a and/or p19RF proteins in BLIN-2 cells, We have tested a variety of cytokines and combinations of
leading to dysregulation in G1 to S-phase entry and/or entry intaytokines for their capacity to support survival/growth of
apoptosis (see below). However, normal pro-B cells plated orBLIN-2 in the absence of BM stromal cells. Log range

. Fig 12. Time course of Rb

CCHS. BLIN-1 BLIN-2 Stroma phosphorylation in BLIN-2. Lanes

1 through 4, BLIN-1 and BLIN-2

Stroma: + - + - -+ -+ + + + were cultured for 18 hours and
. analyzed for Rb expression/phos-

Hours- 3 6 9 ].2 24 phorylation as described in the

Fig 10 legend. Lanes 5 through 9,
ppr_> BLIN-2 cells from lane 4 were
pr""» replated on fresh BM stromal

cells and reanalyzed at the times
indicated for Rb expression/
phosphorylation. The blot was
restained with mouse antihu-
man B tubulin to control for equal

9 10 protein loading.

B-tubulin

B

1 2345 6 7 8
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concentrations of IL-3, IL-6, IL-7, IL-9, IL-10, IL-11, stem cell locus in T-lineage ALL. To our knowledge, a comparable
factor, FIt3 ligand, basic fibroblast growth factor, or various analysis ofp16Nk42andp19*RFin B-cell precursor ALL has not
combinations failed to enhance the survival of BLIN-2 cells been reported.
beyond that which occurred in medium alone (N. Shah and T.W. Two recent reports have demonstrated ifeN<“a-deficient
LeBien, unpublished observations). A potential candidate in thdeukemic cell lines reconstituted with wild-typel8NK4a un-
contact equation would be VLA-4/VCAM-1, because BLIN-2 dergo growth arres£:54BLIN-2 cell contact with BM stromal
cells express the CD49g4 subunit of VLA-4 (Fig 1) and the cells induces Rb phosphorylation in BLIN-2 (Figs 11 and 12),
BM stromal cells used in our culture system express VCAM-whereas BLIN-1 (alspl6N<4a-deficient) cell contact with BM
1.20 Studies using mouse and human early B-lineage cells havetromal cells does not induce Rb phosphorylation in BLIN-1
suggested a role for VLA-4/VCAM-1 in the growth and (Fig 11). These data are consistent with a model wherein
development of B-cell precursots?? Furthermore, chimeric —continuous growth of BLIN-2 on BM stromal cells can at least
mice derived by injecting embryonic stem cells containing abe partially explained by the lack of CDK4/CDKG inhibition by
targeted deletion of the4 gene into RAG-1- or RAG-2— p18NK#a resulting in continuous Rb phosphorylation and G1 to
deficient blastocysts exhibited a dramatic deficiency4f~ B S-phase entry. BLIN-2 provides the opportunity to compare the
cells in adult BM, blood, and spleddHowever, other signaling  individual functions of p1842and p18%F proteins by transduc-
interactions between B-lineage cells and BM stromal cells ardion with retroviral vectors containing wild-typp16N<a or
not dependent on a VLA-4/VCAM-1 adhesion evétt® Inde- p19°RF studies that are currently in progress in this laboratory.
pendent of the precise role of VLA-4/VCAM-1 in other in vitro The role ofp19*?F as a tumor suppressor has been shown by
or in vivo experimental systems, VLA-4/VCAM-1 interaction targeted disruption ofp19*RF exon 18, and very recent
plays little or no role in the survival and growth of BLIN-2. This €vidence supports a role for g protein in regulating the p53
conclusion is supported by two separate results. First, BLIN-20athway by binding to MDM2557Thus, BLIN-2 could provide
cells show essentially identical growth rates on VCANMBM @ model system for further elucidation of the potentially
stromal cells and VCAM-1 foreskin fibroblasts (Fig 9). complementary functions of p64 and p19%¥ in regulating
Second, inclusion of saturating concentrations of MoAb againsthe survival and growth of a contact-dependent human leuke-
thea4 or 1 subunits of VLA-4 and/or MoAb against VCAM-1  Mia.
has no effect on the growth of BLIN-2 on BM stromal cells (N.
Shah and T.W. LeBien, unpublished observations).

As shown in Fig 2, BLIN-2 harbors a dic(9;20), a recurring  The authors express their gratitude to Lisa Jarvis and Daitaro
chromosomal abnormality previously identified in a small Kurosa_ka for tec_hnical advice an_d Dan Billadeau and E_»rian Van Ness
subset of childref§47and adult& with pre-B ALL. Whether a for assistance with DNA sequencing. They also thank Diane Arthur for

direct relationship exists between the presence of a dic(9;20355|5tance with karyotyping and Bery Hirsch for cytogengtlc interpreta-
. . . '~ “tion and comments on the manuscript. Karen Nelson provided excellent
and the BM stromal cell requirements of this cell line is

= . o . word processing support.
currently unknown. Additional cell lines containing a dic(9;20)
would need to be established and studied to address this REFERENCES
question. Given that the breakpoints involved in the formation 1. Greaves MF: The new biology of leukemia, in Henderson ES,
of the dic(9;20) occur within heterochromatin regions, it is | isier TA, Greaves MF (eds): Leukemia (ed 6). Philadelphia, PA,
highly unlikely that a chimeric gene is created at the point of saunders, 1996, p 34
fusion. More likely, the significant ramification of this rearrange- 2. van Dongen JIM, Adriaansen HJ: Immunobiology of leukemia, in
ment is the resulting monosomy for 9p and 20q. Of particularHenderson ES, Lister TA, Greaves MF (eds): Leukemia (ed 6).
relevance may be the loss of the entikK4alocus mapped to  Philadelphia, PA, Saunders, 1996, p 83
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deleted. The PCR results do not allow us to determine whetheg 5. Look AT: Oncogenic transcription factors in the human acute
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