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The interaction between p145c-KIT and p210bcr-abl in trans-

duced cell lines, and the selective outgrowth of normal

progenitors during long-term culture of chronic myeloid

leukemia (CML) cells on stroma deficient in stem-cell factor

(SCF) suggests that the response of CML cells to SCF may be

abnormal. We examined the proliferative effect of SCF(100

ng/mL), provided as the sole stimulus, on individual CD341

cells from five normal donors and five chronic-phase CML

patients. Forty-eight percent of isolated single CML CD341

cells proliferated after 6 days of culture to a mean of 18

cells, whereas only 8% of normal CD341 cells proliferated

(mean number of cells generated was 4). SCF, as a single

agent, supported the survival and expansion of colony-

forming unit–granulocyte-macrophage (CFU-GM) from CML

CD341CD381 cells and the more primitive CML CD341CD382

cells. These CFU-GM colonies were all bcr-abl positive,

showing the specificity of SCF stimulation for the leukemic

cell population. Coculture of CML and normal CD341 cells

showed exclusive growth of Ph1 cells, suggesting that

growth in SCF alone is not dependent on secretion of

cytokines by CML cells. SCF augmentation of b1-integrin–

mediated adhesion of CML CD341 cells to fibronectin was

not increased when compared with the effect on normal

CD341 cells, suggesting that the proliferative and adhesive

responses resulting from SCF stimulation are uncoupled.

The increased proliferation may contribute to the accumula-

tion of leukemic progenitors, which is a feature of CML.

r 1998 by The American Society of Hematology.

CHRONIC MYELOID leukemia (CML) is characterized
cytogenetically by the Philadelphia chromosome (Ph),

t(9;22)(q34;q1),1 and at the molecular level, by expression of
the bcr-abl fusion gene.2 The cell targeted by the Ph transloca-
tion is usually a pluripotent stem cell,3 but excessive prolifera-
tion is confined to the myeloid and megakaryocytic lineages.
Leukemic progenitors are capable of differentiation to func-
tional, mature hematopoietic cells.

In the early chronic phase of CML, the coexistence of normal
(Ph2) and leukemic (Ph1) hematopoiesis is demonstrable in the
bone marrow (BM) and blood of CML patients.4-8 The underly-
ing mechanisms for the accumulation of Ph1 progenitors in
CML have been only partially elucidated, but they include
increased survival due to an antiapoptotic effect of p210bcr-abl9

and reduced effect on proliferation by inhibitors such as
macrophage inflammatory protein 1-a.10

Normal hematopoiesis is a tightly regulated process involv-
ing a balance between signals that stimulate and those that
inhibit the proliferation and differentiation of pluripotent progeni-
tors. Many of these regulatory signals are provided by interac-
tion with the BM stromal elements.11-19 The close association
with stroma provides hematopoietic cells with an array of
cytokines that directly influence cell survival, differentiation,
and proliferation. Stromal cells produce stem cell factor (SCF),
which is an early acting cytokine of 248 amino acids that
promotes the growth of all hematopoietic cell lineages. SCF
acts synergistically with other cytokines to promote prolifera-
tion of normal progenitor cells in a variety of culture systems. It
does not increase the numbers of committed colony-forming
units (CFUs) but enhances granulocyte colony-stimulating
factor– (G-CSF), granulocyte-macrophage colony-stimulating
factor– (GM-CSF), interleukin-3– (IL-3), and IL-6–stimulated
myelopoiesis in both short- and long-term CD341 cell cultures.
SCF on its own cannot recruit quiescent hematopoietic progeni-
tor cells into cycle, but it can prevent their apoptosis and is able
to maintain the active cell-cycle characteristics of isolated
CD341 cells in 2-day cultures.20

SCF stimulates the growth of progenitor cells from most
patients with myelodysplastic syndromes21 and acute myeloid

leukemia (AML),22,23but reports on the effect of SCF on CML
cell proliferation have been conflicting. The addition of SCF to
CML cultures stimulated by G-CSF and/or GM-CSF has been
reported to induce little, or no, effect on proliferation.24

Conversely, erythroid CFU can be grown from CML cells in the
absence of erythropoietin, but only if SCF is present.25 Re-
cently, Hallek et al26 showed that the SCF receptors p145c-KIT

and p210bcr-abl form an intracellular complex in bcr-abl positive,
c-KIT positive cell lines. Fetal calf serum (FCS)–supplemented
colony-forming unit–granulocyte-macrophage (CFU-GM) as-
says of CML bone marrow (BM) revealed a lack of response of
CML cells to SCF, and the authors concluded that activation of
p145c-KIT by p210bcr-ablusurped the role of SCF and so rendered
CML cells insensitive to this cytokine. Further evidence of an
abnormal response of CML cells to SCF is suggested by the loss
of CML cells, and a concomitant increase in normal progeni-
tors, during long-term culture on SCF-deficient stroma.27

Cytokines also promote the attachment of normal hematopoi-
etic progenitors to stromal elements via activation ofb1-
integrins. The interaction of SCF with p145c-KIT increases the
avidity of a4b1- and a5b1-integrins for their ligands in cell
lines28 and in normal hematopoietic progenitors.29 In vitro
adhesion assays of normal hematopoietic progenitors to immo-
bilized fibronectin (FN) has shown that SCF causes a transient
increase in the affinity of theb1-integrins for their ligand. The
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cells subsequently become unresponsive to further stimulation
by SCF, and adhesion to FN returns to basal levels.

The attachment of progenitors to FN in vitro has a negative
effect on proliferation that is independent of differentiation,
necrosis, and apoptosis.30,31CML progenitors have an adhesive
defect that reduces their interaction with stroma in vitro.32 They
also show impaired attachment to FN.33 This reduced attach-
ment is brought about by a reduction in the steady-state affinity
of b1-integrins for FN rather than by alteredb1-integrin
expression. Modulation ofb1-integrin affinity of CML progeni-
tors by the activating antibody 8A2 results in attachment of
these cells to FN and a subsequent decrease in their proliferation
in vitro.31 These studies raise the possibility that lack of
b1-integrin–mediated attachment of CML progenitors to stroma
and stromal elements frees CML cells from some of the
negative regulatory influences to which normal cells are subject.

To investigate the effect of SCF on primary CML cells, we
have examined the proliferation of single leukemic CD341 cells
grown in serum-deprived medium (SDM) with and without the
addition of cytokines. This assay system removes the poten-
tially confounding influence of FCS and possible paracrine
growth factor production by accessory cells and reveals the true
response of leukemic hematopoietic progenitors to individual
cytokines or cytokine combinations.

We have further investigated the role of SCF in serum-
deprived conditions in augmentation of attachment of CML
cells to immobilized FN because proliferation and adhesion are
correlated events in normal CD341 cells.34

Though p210bcr-abl may indeed activate p145c-KIT in CML
cells,26 our findings indicate that this activation is not complete
because SCF, through p145c-KIT, can provide additional adhe-
sive and proliferative signals. However, stimulation of CML
cells with SCF alone results in a potent proliferative signal that
is not observed in cells lacking bcr-abl gene expression.

MATERIALS AND METHODS

BM Cells

BM aspirates were collected after informed consent from normal
adult donors under a program approved by the Human Ethics Commit-
tee of the Royal Adelaide Hospital, and after informed consent from
CML patients undergoing routine hematologic investigation at presenta-
tion. BM mononuclear cells (BMMNC) were recovered from a Lympho-
prep (Nycomed Pharma As, Oslo, Norway) density gradient and were
resuspended in Hanks’ balanced salt solution (HBSS) supplemented
with 20 mmol/L HEPES (Life Technologies, Glen Waverley, Australia),
pH 7.3, and 5% FCS (Trace Biosciences, Castle Hill, NSW, Australia). The
cells were washed twice with HBSS/5% FCS and resuspended in SDM
before analysis. SDM consists of Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 1% bovine serum albumin (BSA; No. A2153;
Sigma Chemical Co, St Louis, MO), 200 µg/mL iron-saturated transferrin
(No. T2158; Sigma Chemical Co), 10 µg/mL insulin, 20 µg/mL low-density
lipoprotein (Sigma Chemical Co), and 1025 mol/L 2-mercaptoethanol.

Antibody Labeling and Cell Sorting

BMMNC were incubated on ice with a fluorescein isothiocyanate
(FITC)-conjugated anti-CD34 antibody (HPCA-2-FITC) or with a
mixture of HPCA-2-FITC and a phycoerythrin (PE)-conjugated anti-
CD38 antibody (Leu 17) for 45 minutes. Cells were washed twice in
HBSS/5% FCS and resuspended in SDM. Cells incubated with
nonbinding isotype-matched antibodies conjugated to FITC or PE

(mouse IgG1 FITC and mouse IgG1 PE; Dako, Glostrup, Denmark)
were used as controls.

BMMNC were sorted by a FACStarPLUS (Becton Dickinson, Moun-
tain View, CA) equipped with an argon laser emitting 488 nm light at
200 mW. CD341 cells in the lymphocyte/blast region were collected
into SDM. Cells were pelleted by centrifugation then resuspended in
SDM. Cells used for adhesion assays were starved overnight at 37°C to
eliminate the residual effects of FCS, whereas cells for pre-CFU culture
were plated directly into culture wells with the appropriate cytokines.
For single-cell deposition assays the automated cell deposition unit
deposited individual normal or CML CD341 cells into Terasaki plate
wells that contained 10 µL of SDM with or without cytokines.

After 12 to 24 hours, wells were checked microscopically for the
presence of a single cell. Wells not containing one cell at this stage were
excluded from future analyses. The number of cells per well was
determined microscopically at defined time intervals.

Antibody Labeling for Immunofluorescence Analysis

Cells were resuspended in blocking buffer (HBSS/5% FCS, 1% BSA,
5% heat-inactivated normal human serum) and incubated on ice for up
to 1 hour to block Fc-mediated antibody binding. For single-layer staining,
cells were then incubated with fluorochrome-conjugated antibodies recogniz-
ing CD34, CD14, CD15, CD61, glycophorinA, CD19, or CD3 on ice for 45
minutes and then washed twice in ice cold immunofluorescence (IF) buffer
(HBSS/5% FCS, 0.2 g/500 mL sodium azide) and fixed in 1% formamide in
PBS. For two-layer staining, the cells were incubated with the anti-p145c-KIT

antibody YB5.8 on ice for 45 minutes. After two washes in IF buffer, a
secondary antibody was added (PE-conjugated sheep F(ab)2 fragments
directed against mouse IgG) and incubated on ice for 30 minutes. The
cells were washed twice in IF buffer and fixed in 1% formamide in PBS.
Antibodies used in this study are shown in Table 1.

Cytokines and Chemicals

Recombinant human SCF, IL-3, IL-6, G-CSF, and GM-CSF were
generously provided by Amgen Inc (Thousand Oaks, CA). FN was
purchased from Boehringer Mannheim (Mannheim, Germany). Culture
media were purchased from Life Technologies.

Pre-CFU Culture

This is a stroma-free, cytokine-dependent, suspension culture system
based on the method of Iscove et al.35 It measures the de novo
generation of CFU-GM colonies as an index of preprogenitors. One
thousand sorted CD341 cells were resuspended in 1 mL of SDM with
appropriate growth factors in 24-well plates. Cells were incubated at
37°C in a humidified atmosphere and, at 7-day intervals, were given

Table 1. Antibodies Used in This Study

Clone Antigen Source

HPCA2-FITC CD34 Becton Dickinson

HPCA2-PE CD34 Becton Dickinson

YB5.B8 c-KIT Dr L.K. Ashman, HCCR

CD61 Becton Dickinson

TÜK4-PE CD14 Dako

CD19 Becton Dickinson

11E4B-7-6 (KC16) GlycophorinA Coulter Corporation, Miami, FL

Leu-17-PE CD38 Becton Dickinson

CD33 Becton Dickinson

SJ1D1-PE CD13 Coulter

80H5-PE CD15 Coulter

Bear1-FITC CD11b Coulter

CD3 Becton Dickinson

Mouse IgG1-FITC Dako

Mouse IgG1-PE Dako
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fresh medium and growth factors. Before medium changes, an aliquot
of cells was removed and plated in the CFU-GM assay.

CFU-GM Assay

Cells were plated in triplicate in 1-mL cultures containing 0.9%
methylcellulose in IMDM supplemented with 30% FCS, 3 mmol/l
L-glutamine, IL-3 (10 ng/mL), GM-CSF (10 ng/mL), IL-6 (20 ng/mL),
G-CSF (100 ng/mL), and SCF (100 ng/mL). After 14 days incubation at
37°C in a humidified atmosphere with 5% CO2, CFU-GM colonies were
scored as aggregates of greater than 50 cells.

Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
of CFU-GM Colonies

RNA extraction. Individual colonies were plucked with 5 µL of
semisolid culture medium and vigorously mixed in 100 µL RNAZOL B
(Biotecx Laboratories, Houston, TX). RNA extraction was continued
according to the manufacturer’s recommendations with the addition of
20 µg Glycogen (Boehringer Mannheim).

cDNA synthesis. RNA was dissolved in 8 µL of diethyl pyrocarbon-
ate–treated water and heated at 65°C for 10 minutes. After cooling the
RNA rapidly on ice, 12.5 µL of RT mix was added and cDNA synthesis
was performed at 37°C for 2 hours. RT mix consists of 80 mmol/L Tris
pH 8.3; 120 mmol/L KCl; 4.8 mmol/L MgCl2; 16 mmol/L DTT; 0.1
mmol/L each of dATP, dCTP, dGTP, and dTTP; 0.01 µg/µL pdN6
(Pharmacia, Victoria, Australia); 1.4 U/µL RNAguard (Pharmacia); and
16 U/µL M-MLV RT (GIBCO-BRL, Gaithersburg, MD). RT was
inactivated by heating at 65°C for 10 minutes.

Nested PCR. The presence of abl gene transcripts (cDNA control)
and bcr-abl transcripts was determined by two rounds of PCR using
nested primers as previously described.36

Fluorescence in Situ Hybridization (FISH) Analysis

FISH using bcr-abl probes (Vysis pty ltd, Downers Grove, IL) was
performed as previously described.37 Cells were placed on a poly-L-
lysine–coated microscope slide (Polysine; Biolab Scientific, Auckland,
New Zealand) and swollen in situ in hypotonic (0.075 mol/L) KCl for
20 minutes. The cytoplasm was removed by three changes of ice cold
3:1 methanol:acetic acid, and then the slides were allowed to air dry.
Cells thus treated were stored at 4°C for a maximum of 2 weeks before
hybridization. Cells were treated with RNaseA (0.1 mg/mL 37°C) for 1
hour and were then heat denatured in 70% formamide/23 SSC. The
denatured probe mixture was added to the slides, which had been
dehydrated through graded ethanol and air dried. Hybridization contin-
ued overnight at 37°C. Posthybridization washes in 50% formamide/23

SSC were performed, and slides were mounted in antifade solution
before examination by fluorescence microscope. On examination of
interphase nuclei, the normal abl gene is seen as a red dot, the normal
bcr gene is seen as a green dot, and the bcr-abl fusion gene appears
either as a yellow dot or as adjacent red and green signals.

Sex determination by FISH was performed using X and Y chromo-
some-specific repetitive sequence probes. The digoxygenin-labeled X
chromosome probe (DXZ1) was obtained from Oncor (Gaithersburg,
MD), and the Y probe (HRY) was a gift from Ken Reed. Cell
preparation, hybridization, and washing were performed as described.
The X chromosome signal was detected with anti-DIG FITC, and the
biotin-labeled Y chromosome probe was detected with avidin-Texas
Red. Male cells contained one red and one green signal, whereas female
cells contained two green signals.

Functional Assays Of Adhesion

Estimation of the percent of the total cell population that is adherent.
Ninety-six–well tissue culture–treated plates (Nunc, Roskilde, Den-
mark) were incubated overnight at 4°C with 50 µg/mL FN in PBS. This
solution was removed by aspiration, and nonspecific binding to the

wells was minimized by incubation at 37°C for 2 hours in 100 µL 2%
BSA in RPMI 1640. Plates were washed three times with 0.2% BSA in
RPMI 1640 (adhesion medium), transferred onto ice, and used immedi-
ately. Cytokines were added to protein-coated wells as specified. Cells,
which had been deprived of growth factors overnight, were washed
twice and resuspended in approximately 500 µL of RPMI 1640
containing 5 µmol/L Calcein-AM (Molecular Probes, Eugene, OR). The
cells were incubated at 37°C for one hour, then washed three times in
IMDM with 0.2% BSA, resuspended at 2 to 43 105 cells/mL in
adhesion medium, and incubated on ice alone or with appropriate
antibodies for 30 minutes. One hundred microliters of the cell suspen-
sion was then added, in triplicate, to FN- or BSA-coated microtitre
plates on ice. The plates were centrifuged at 1,000 rpm for 5 minutes at
4°C to ensure direct and even contact with treated surfaces. After
warming the plates to 37°C for 2 minutes on an incublock, they were
transferred to a humidified 37°C incubator for 30 minutes. Nonadherent
cells were removed by aspiration, and the wells were washed three
times (or until the BSA-coated wells were clear) by the addition of 150
µL of adhesion medium. One hundred and fifty microliters of 1%
sodium dodecyl sulfate (SDS), 1% NaOH solution was added to lyse the
cells, and the fluorescence was measured using a Fluorimager (Molecu-
lar Dynamics, Sunnyvale, CA). Analysis of data was performed with
ImageQuant software (Molecular Dynamics). The percentage of adher-
ent cells was determined by dividing the fluorescence of the adherent
fraction lysate by the fluorescence of the initial cell loading.

Estimation of the number of CFU-GM that are adherent.The
assays were performed as above in 6-well clusters (Nunc), except that
cells were not prestained with calcein-AM. After removal of nonadher-
ent cells, methylcellulose mixture and cytokines (as described in the
CFU-GM assay) were added to the adherent cells and incubated at 37°C
for 14 days. CFU-GM assays were also established for nonadherent
cells. The number of colonies grown at day 14 was expressed as a
percent of the total number of colonies that were obtained from 1,000
CD341 cells that were plated directly in the CFU-GM assay and that
had not undergone the adhesion assay.

RESULTS

CML CD341 Cells Proliferate With SCF as the Sole Stimulus

BM CD341 cells from five CML patients and from five
normal donors were cultured at a concentration of 103/mL in
SDM 1 SCF (100 ng/mL), SDM alone, or SDM1 4
hematopoietic growth factor (HGF; IL-3 10 ng/mL, IL-6 20
ng/mL, G-CSF 100 ng/mL, and SCF 100 ng/mL). Growth of
normal and leukemic CD341 cells was below the limits of
detection in the cytokine-free cultures. Normal CD341 cells and
CML CD341 cells showed a 3,000-fold expansion in the
presence of 4HGF after 21 days in culture. In contrast, only the
CML cells proliferated in response to SCF alone (2,400-fold
expansion ), whereas normal CD34 cells did not (Fig 1A).

To investigate the response of the CD341CD381 and the
more primitive CD341CD382 fractions of the CML and normal
CD341 cell populations to SCF, cells were sorted on the basis of
CD34 and CD38 expression and cultured as described above.
Normal CD341CD381 and CD341CD382 cells proliferated in
4HGF, but neither fraction showed proliferation in SCF alone.
The CML CD341CD381 cells proliferated in a quantitatively
similar manner in the presence of either 4HGF or SCF alone,
reaching a plateau at day 14 (Fig 1B). In SCF alone, the CML
CD341CD382 cell proliferation was lower than was seen in
4HGF (P , .01). Growth of this cell population did not plateau
at day 14 but continued for several weeks whether the stimulus
was SCF alone (P , .05) or 4HGF (P , .01).
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CML CD341 Cells Proliferate in a Single-Cell Assay With SCF
as the Sole Stimulus

Because SCF induces marked proliferation of normal CD341

cells only when it acts in synergy with other cytokines, we
postulated that the survival and subsequent growth of CML
cells in SCF alone may have resulted from paracrine production
of additional cytokines. To investigate whether individual
CD341 cells will survive in the absence of other cells, and to
examine the number of cells that respond to SCF and the extent
of their proliferation, single CD341 cells were deposited by the
ACDU of the FACStarplus into SDM alone, SDM supplemented
with 100 ng/mL SCF, or SDM1 4HGF. CD341 cells from
normal donors failed to proliferate to a significant extent in
SDM without cytokines and showed only minimal expansion in
SCF (100 ng/mL) alone. At day 6 in SCF, 8% of normal CD341

cells had proliferated to a mean of 4 cells/well (range 3 to 8, n5
48). Expansion in response to 4HGF was seen in 52% of normal
CD341 cells at day 6, and the mean number of cells grown from
a single cell at this time point was 32 (range 3 to 65, n5 123).
CML CD341 cells showed only 8% proliferation in SDM
without cytokines (mean number of cells generated was 5, range
3 to 9, n5 67). CML CD341 cells showed significantly greater
proliferation in SCF compared with normal cells (P , .001);
48% of CML cells showed proliferation in the presence of SCF
alone. The mean number of cells grown from a single cell at this
time point was 18, (range 3 to 72, n5 403). In 4HGF, a higher
percentage (88%) of CML CD341 cells proliferated compared
with normal cells (P , .001), and the mean number of cells
grown from a single cell was 49 (range 3 to 71, n5 152; Fig 2,
Table 2)

Single-cell deposition assays using CD341CD381 and
CD341CD382 subsets were performed to investigate the re-
sponse of these subsets to SCF alone. At the single-cell level,
42% of the CML CD341CD381 cells were proliferating at day
6, and the mean number of cells grown from a single cell was
31.5 (range 3 to 72, n5 117); 19% of the CML CD341CD382

cells were proliferating at day 6, and the mean number of cells
grown from a single cell was 10 (range 3 to 32, n5 118). After

13 days in culture, the CML CD341CD382 population contin-
ued to proliferate and showed a mean number of 52.6 cells
(range 3 to 150, n5 17). Normal CD341CD381 cells showed
minimal proliferation at day 6 (data not shown), and normal
CD341CD382 cells did not proliferate.

CML CD341 Cells Show Dose-Dependent Proliferation in
SCF Whereas Cells Derived From Normal Donors Do Not

Total CD341 cells from three CML patients and three normal
donors were cultured for 7 days in SDM with SCF in doses
ranging from 0 ng/mL to 1,000 ng/mL in approximately half log
increments. Cells were also cultured in 4HGF to assess viability.
The CML cells showed a dose-dependent increase in prolifera-
tion to SCF, whereas the normal cells were not observed to
proliferate at any concentration of SCF. All CML samples and
normal samples proliferated in 4HGF (data not shown). In two
of the three normal cell cultures, enumeration of cells at day 7

Fig 1. Proliferation of 1,000 sorted cells in the serum-free pre-CFU assay. (A) CD341 cells from five normal donors and five CML patients were

cultured in SCF alone or in 4HGF. Cell counts for normal CD341 cultured in SCF alone remain below the limit of detection and so are represented

by a dotted line. (B) CML CD341 from three patients were subfractionated into CD381/2and cultured in SCF alone or in 4HGF. CD341CD381/2 cells

from three normal donors showed no discernible proliferation in this assay and are not plotted. (A) h, CML in SCF; s, CML in 4HGF; d, normal in

SCF; j, normal in 4HGF. (B) j, CD341CD381 in SCF; d, CD341CD382 in SCF; h, CD341 in 4HGF; s, CD341CD382 in 4HGF.

Fig 2. Response of CD341 cells to cytokines in single-cell culture at

day 6. Individual CD341 cells were deposited into Terasaki plate wells

containing 10 µL of SDM alone, SDM supplemented with SCF (100

ng/mL), or SDM supplemented with 4HGF. The number of cells in

each well was enumerated after 6 days and plotted in quartiles for

CML and normal CD341 cells.

2464 MOORE ET AL

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/92/7/2461/1448348/2461.pdf by guest on 04 June 2024



was not possible because the cell numbers were below the level
of detection. The third normal cell culture was seeded at a
concentration of 13.53 103 cells/mL and yielded enumerable
cells after 7 days in SDM1 SCF. A representative CML dose
response curve to SCF and the single assay of normal cells for
which results were obtained are shown in Fig 3.

Cells That Proliferate in Response to SCF Alone Are bcr-abl
Positive

Single CML CD341 cells from two CML patients were
cultured for 14 days in SCF alone or in 4HGF. RNA was
extracted from expanded clones, and RT-PCR for the bcr-abl
fusion gene was performed to assess the origin of the proliferat-
ing cells. All 18 clones expanded in SCF alone were positive for
abl and bcr-abl gene transcripts by RT-PCR. This finding
indicates that only the leukemic cells were SCF responsive.
Furthermore, fusion of bcr and abl was shown in an additional
five SCF responsive clones from one patient by FISH. Twenty-
four clones expanded in 4HGF for 14 days were subjected to
RT-PCR. Only 16 were bcr-abl positive, but all 24 were positive
for expression of the normal abl allele (Table 3).

The Progeny of Cells Stimulated With SCF Alone Is
Morphologically and Immunophenotypically Distinct
From That Cultured in 4HGF

The morphology of Jenner Giemsa–stained preparations of
cultured normal and CML BM cells was examined. Six days
after culture in SCF alone, the expanded CML cells showed an
increase in size and resembled large blast cells morphologically.

They had a high nuclear to cytoplasmic ratio and densely
stained chromatin. Following an additional 7 days in SCF, some
of these cells retained their primitive appearance, whereas
others assumed a monocytoid appearance. Normal and CML
cells grown in 4HGF differentiated into granulocytes and
monocytoid cells by day 14. Typical cell morphology is shown
in Fig 4. After 24 days of culture, the difference in morphology
between CML cells grown in SCF and those grown in 4HGF
was even more pronounced. SCF-derived cells appeared smaller
and more homogeneous in size and shape than the 4HGF-
derived cells, which varied in size, granularity, and nuclear
shape (Fig 5).

The immunophenotype of cells from 3 CML patients grown
in either 4HGF or in SCF alone was examined to determine
whether cells produced in culture with SCF as a single agent

Fig 3. Proliferative response of sorted CML and normal CD341

cells to increasing concentrations of SCF. Representative results for a

single CML sample and a single normal control are shown. s, CML

CD341; j, normal CD341.

Table 2. The Percent of Wells With Dividing Cells at Day 6

of Single-Cell Culture of CD341 Cells

4HGF

% Proliferating

(mean no. of

cells generated)

SCF

% Proliferating

(mean no. of

cells generated)

SDM

% Proliferating

(mean no. of

cells generated)

CML (n 5 5) 88 (49) 48 (18) 8 (5)

Normal (n 5 5) 52 (32) 8 (4) 4 (4)

The mean number of cells generated from a single cell is also

shown.

Table 3. Cells That Prolfierate in SCF Alone Are bcr-abl Positive

Clones From

CML Patient 1

Clones From

CML Patient 2

SCF-responsive

clones

10/10 bcr-abl positive

(RT-PCR)

8/8 bcr-abl positive

(RT-PCR)

5/5 bcr-abl positive

(FISH)

4HGF-responsive

clones

9/15 bcr-abl positive

(RT-PCR)

7/9 bcr-abl positive

(RT-PCR)

Fig 4. Jenner Giemsa stain showing the morphology of

CD341CD382 CML cells cultured in the pre-CFU assay for 14 days with

SCF alone, or with 4HGF (original magnification 2003). (A) SCF-

stimulated cells; (B) 4HGF-stimulated cells.
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showed lineage restriction. Cultures were initiated with 1,000
CD341CD382 cells and were immunophenotyped after 14
days. The results of the semiquantitative flow cytometric
analysis are shown in Table 4.

Tryptase enzyme expression for mast cell identification was
determined by the alkaline phosphatase anti-alkaline phospha-
tase technique, and occasional cells showed positivity both in
CML cells cultured in 4HGF and in SCF alone for 14 days.
These findings show that myeloid and monocytic lineage
markers are less frequently expressed on cells generated by
culture in SCF alone compared with cells generated in 4HGF,
but the expression of differentiation markers from myeloid, mono-
cytic, erythroid, and megaryocytic lineages indicates that the re-
sponse of CMLcells to the single agent SCF is not lineage restricted.

Culture in SCF Alone Supports Survival of Leukemic
Preprogenitor Cells

CFU-GM were assayed at days 0, 14, and 28 from 4HGF- or
SCF-stimulated serum-deprived cultures (pre-CFU assay) of
CD341 cells from three normal donors and from three CML
patients. The temporal pattern of generation of CFU-GM
colonies was similar for normal and leukemic cells cultured in
4HGF. At day 0, CFU-GM were generated mainly from
CD341CD381 cell cultures, and at days 14 and 28, colonies
were derived mainly from the CD341CD382 fraction. The
kinetics of generation of CFU-GM colonies from CML cells
cultured in SCF alone mirrored that observed for cells cultured

in 4HGF (Fig 6). The ability of CFU-GM to be grown from
CML cells cultured for up to 28 days in SCF alone shows the
ability of this cytokine to recruit preprogenitors into cycle
sequentially. Insufficient normal cells were available after
culture in SCF alone to be tested for CFU-GM generation. The
leukemic origin of the pre-CFU from the three CML samples
was determined by RT-PCR. CFU-GM colonies obtained from
cells plated after 14 days of culture stimulated by either 4HGF
or SCF alone were assessed for expression of bcr-abl. All 28
colonies examined from SCF-stimulated cultures were positive
for bcr-abl by RT-PCR, whereas only 10 of 18 colonies from
4HGF-stimulated cultures were positive for bcr-abl by RT-PCR
(Fig 7).

Expression of P145c-kit Is Not Elevated in CML CD341 Cells

To investigate whether the unique response of CML CD341

cells to SCF was due to overexpression of p145c-KIT, we

Fig 5. Phase contrast photomicrograph showing the morphology of CD341CD382 CML cells cultured in the pre-CFU assay for 24 days with

SCF alone or with 4HGF (original magnification 2003). (A) SCF-stimulated cells; (B) 4HGF-stimulated cells.

Table 4. Antigen Expression of CML Cells Cultured in SCF

or 4HGF for 14 Days

Antigen

Cells Expanded in SCF

(% positive 6 SD)

Cells Expanded in 4HGF

(% positive 6 SD)

CD33 19.3 6 16.3 89.8 6 6.3

CD3 0 1.9 6 1.2

Glycophorin A 27.4 6 0.4 16.6 6 7.7

CD14 1.7 6 0.6 46.7 6 16.9

CD19 0 0

CD61 16 6 8.8 2.5 6 1.9

CD13 24.1 6 13.8 94.7 6 1.5

CD15 15.2 6 9.1 86.9 6 3.2

CD11b 4.3 6 2.9 63.8 6 31.4

CD38 49.4 6 6.8 21.9 6 1.6

CD34 0.1 6 0.1 0.8 6 0.5

Fig 6. Generation of CFU-GM from 1,000 sorted cells from three

CML patients in the pre-CFU assay over 28 days. Aliquots of cells for

the CFU-GM assay were removed from the pre-CFU cultures at

intervals. The total number of CFU generated (from 1,000 original

cells) was calculated from the number of colonies derived and the

proliferation of the remaining cells, ie (Number of Colonies/1,000

Cells) 3 (Number of Cells Generated [3 1,000]). s, CD341CD382 in

4HGF; d, CD341CD382 in SCF; j, CD341CD381 in SCF; h, CD341CD381

in 4HGF.
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assessed the level of expression of p145c-KIT on CD341 cells in
six normal and six CML BM samples by semiquantitative flow
cytometric analysis. The peak fluorescence of the anti-p145c-KIT

antibody on the gated CD341 population of normal BM cells
was 11.76 2.4, and on CML BM cells it was 10.26 1.1. The
difference in p145c-KIT expression between normal CD341 cells
and CML CD341 cells was not statistically significant when
analyzed by one-way analysis of variance (ANOVA); these data
indicate that the marked proliferation of CML CD341 cells that
resulted from stimulation by SCF alone was not due to an
alteration in the level of receptor expression.

Autocrine Secretion of HGF by CML CD341 Cells
Is Not Suffıcient to Stimulate Proliferation of Normal
Cells in the Presence of SCF Alone

Synergy between exogenous SCF and cytokines secreted by
CML cells may explain why these cells respond to SCF in the
absence of other exogenous cytokines. We explored this possi-
bility by culturing mixtures of 1,000 male CML CD341 cells
and 1,000 female normal CD341 cells in SCF or in 4HGF. The
ratio of male (CML) cells to female (normal) cells was
determined by FISH at day 14 using X and Y chromosome–
specific probes. Two separate experiments were performed and
contained cells from two male CML patients admixed with cells
from two individual normal donors. The expansion of female
cells in the SCF-stimulated cultures would suggest that their
proliferation was enhanced by coculture with CML cells.
Results of the FISH analyses are shown in Table 5. Proliferation
of CML cells in 4HGF was quantitatively similar to prolifera-
tion of cells from a normal donor in 4HGF, but CML cells
stimulated with only SCF had a marked growth advantage over
normal donor cells grown in these conditions. Inability to detect
female cells in 100 cells examined by FISH after 14 days in
culture with SCF alone shows that these cells comprised fewer

than 3% of the total cell number.38 These results indicate that
autocrine cytokine secretion by CML cells is not sufficient to
support the proliferation of other cytokine-dependent cells.

Enhancement of Adhesion to FN in Response to SCF
Is Reduced in CML CD341 Cells and Is Not Coupled
to the Proliferative Response

In normal CD341 cells, increased proliferation in response to
SCF stimulation is coupled with enhanced adhesion to FN.34 In
accord with previously published data,29 a 30-minute stimula-
tion with SCF resulted in a 2.4-fold increase (P , .01) in the
number of normal CD341 cells adhering to immobilized FN
(n 5 4), and the augmentation of adhesion of CML CD341 cells
in response to SCF stimulation was also significant (P , .05),
but it was limited to 1.4-fold (n5 4). Maximal response was
seen at 10 ng/mL for CML and normal CD341 cells. A
representative experiment (performed in triplicate) is shown in
Fig 8.

We also investigated whether adhesion of CFU-GM to FN
was increased in response to SCF. One thousand CD341 normal
or CML cells were allowed to adhere to immobilized FN either
with or without SCF (10 ng/mL) treatment. After 30 minutes the
nonadherent cells were removed by washing and were plated in
a CFU-GM assay. The adherent cells were obtained and plated.
Colonies were enumerated after a further 14-day incubation,
and the result for each fraction was expressed as a percentage of
the total number of colonies arising from the assay (ie, as a
percentage of the number of colonies derived from 1,000
CD341 cells). Twenty-one colonies from both fractions of the
SCF-treated CML cells and 20 colonies from both fractions of
untreated CML cells were subjected to RT-PCR analysis for
expression of the bcr-abl fusion gene. Following SCF stimula-
tion, there was an increase in the number of colonies that were
adherent to FN in the normal controls, but no such increase was
evident in the CML samples. SCF treatment did not result in an

A

B

Fig 7. RT-PCR of individual granulocyte-macrophage colonies de-

rived from CML cells after culture in the pre-CFU assay. (A) Lanes 1 to

10: PCR of ten individual colonies derived from cells cultured in SCF

alone for 14 days, then transferred into the CFU-GM assay for 14 days.

Lane 11 is a CFU-GM culture medium negative control. (B) Lanes 1 to

8: PCR of eight individual colonies derived from cells cultured in 4HGF

for 14 days, then transferred into the CFU-GM assay for 14 days. Lane

9 is a CFU-GM culture medium negative control.

Table 5. FISH Results on Two 14-Day Cocultures of Male (CML)

and Female (Normal) CD341 Cells

Number of Male Cells

(no. of cells counted)

1st Coculture 2nd Coculture

SCF 200 (200) 100 (100)

4HGF 110 (200) 77 (100)

Fig 8. Augmentation of CD341 cell adhesion to immobilized FN in

response to increasing doses of SCF. Representative results for a

single CML sample and a single normal control are shown.
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increase in the percentage of colonies that were bcr-abl positive
compared with the unstimulated cells (Table 6).

DISCUSSION

In the present study, we have examined the role of SCF in the
proliferation and adhesion of CML Ph1 progenitors in vitro.
Our results show that SCF alone is sufficient to provide a strong
proliferative signal for CML CD341 cells. This is in contrast to
the response of normal CD341 cells, which show substantial
proliferation in SCF only when other growth factors are present.
In CML both the CD341CD381 cells and the more primitive
CD341CD382 subsets proliferate in response to SCF alone. The
growth curve is initially slower for CML CD341CD382 cells
stimulated with SCF alone when compared with their prolifera-
tion in 4HGF. This difference may reflect the greater speed of
recruitment of cells into cycle by 4HGF and probably results
also from the larger number of cells (normal and leukemic) that
respond to this cytokine combination. Responsiveness of the
leukemic progenitors and preprogenitors to SCF is shown by
the survival and expansion of pre-CFU. Comparison of the
morphology of cells grown in 4HGF for 24 days and those
grown in SCF for 24 days in serum-deprived conditions shows
that the 4HGF-derived cells are heterogeneous in appearance
with features typical of maturation, such as lobed nuclei and
cytoplasmic granulation. The cells derived from culture in SCF
as the sole stimulus are more homogeneous in appearance, and
there is less morphologic evidence of maturation. At day 14 the
immunophenotype of SCF-derived cells indicates that myeloid,
megakaryocytic, erythroid, and monocytic lineage development
occurs in response to SCF. This demonstration of SCF-
dependent proliferation in multiple lineages extends the finding
of Isaad et al,25 who showed that SCF alone could promote
CML erythroid colony formation in semisolid media. CD34
expression is lost both from SCF and 4HGF stimulated cells,
but maintenance of a degree of immaturity can be surmised
from the ability of these cells to form colonies in semisolid
media after up to 28 days in pre-CFU culture. The increase in
the number of colony forming cells during CML cell culture in
SCF alone provides additional evidence of expansion of leuke-
mic granulocyte and macrophage precursors.

The progenitors that form CFU-GM colonies from day 14 of
culture in SCF are bcr-abl positive by RT-PCR, showing the
specificity of the proliferative effects of SCF alone for the
leukemic cell population within the CML sample. Of interest
are other studies39,40that have shown an apparent decline in the
number of leukemic preprogenitor cells in liquid culture
systems using multiple growth factors. It is uncertain whether
this reduction in leukemic CFU in culture results from massive
expansion of normal progenitors that mask the residual leuke-
mic population. The present study has confirmed that CML

preprogenitors reside in the CD341CD382 subpopulation and
that they may outgrow the normal cells that are present if SCF is
provided as the sole cytokine. The proliferative response of
CML CD341 cells to SCF is dose dependent up to approxi-
mately 100 ng/mL, whereas normal cells do not proliferate at
any concentration of SCF in the absence of other cytokines.

Although SCF as a single agent induces selective prolifera-
tion of Ph1 CML cells, we cannot exclude the possibility that
SCF selectively supports viability of Ph1 cells and that prolifera-
tion is permitted rather than directly induced. However, the
different morphology and immunophenotype of cells cultured
in SCF alone compared with those cultured in 4HGF suggests to
us a more instructive rather than permissive role for SCF in
these cultures. The increased proliferative response of CML
CD341 cells to SCF is not due to overexpression of the receptor
because p145c-KIT is expressed at normal levels on these cells.

Autocrine cytokine production has been shown in normal
CD341 cells,41,42 and more recently the presence of IL-3 and
G-CSF gene transcripts in CML cells have been shown by
RT-PCR.43 Cytokines thus produced may synergize with SCF to
enhance the proliferative signal generated by this cytokine in
CML cells. Although coculture of normal and CML BM with
SCF as the only stimulus shows that cytokine secretion in CML
cells is insufficient to sustain the proliferation of normal cells, it
is possible that the cytokines exert an autocrine-proliferative
effect by binding to intracellular receptors. In this case, synergy
between SCF and the endogenously produced cytokines may be
responsible for providing CML cells with their unique response
to SCF. Indeed, in the presence of IL-3 at 10 ng/mL, the
maximum proliferative response of CML and normal cells
occurs at equivalent SCF concentrations and the extent of
proliferation is similar (data not shown). However, two other
possible mechanisms may render CML cells responsive to SCF
as a single agent. Firstly, tyrosine kinase oncogenes such as
v-src, v-fms, and trk, and including bcr-abl, have been shown to
abrogate IL-3 dependence of various hematopoietic cell lines44-48

by a mechanism that does not involve autocrine IL-3 produc-
tion. This finding suggests that IL-3 and p210bcr-abl may share a
final common pathway in signal transduction.49 In the absence
of IL-3, p210bcr-abl in CML cells may activate IL-3 signaling
pathways, and so provide synergy with signaling through
p145c-KIT to result in proliferation in response to SCF alone. We
have previously shown that synergy between IL-3 and SCF
greatly enhances the proliferative response of normal CD341

cells.50 Secondly, cytoplasmic interaction of p210bcr-abl with
p145c-KIT may partially activate the p145c-KIT signaling path-
ways that drive proliferation. The interaction between p145c-KIT

and its ligand may then provide an increased strength of signal
that enhances proliferation. CML cells do not have a global
increase in sensitivity to all cytokines, because although single

Table 6. SCF Did Not Stimulate Preferential Adherence of bcr-abl Positive CFU-GM to Immobilized Fibronectin

CML Cells Normal Cells

Untreated SCF-Treated Untreated SCF-Treated

Adherent Nonadherent Adherent Nonadherent Adherent Nonadherent Adherent Nonadherent

CFU-GM (% of total) 3 97 2 98 6 94 21 79

bcr-abl 1 colonies/total number of colonies 4/20 19/20 5/21 21/21 na na na na

Abbreviation: na, not applicable.
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CML CD341 cells from some patients stimulated with IL-3 or
GM-CSF alone yielded increased growth, the effect was not
seen in all patient samples (unpublished data, April 1997). In all
cases studied, IL-6 and G-CSF yielded growth comparable to
that seen in normal controls.

The positive effect of SCF on CML cell proliferation led us to
ask whether the effect of SCF onb1-integrin–mediated adhesion
was also increased. Augmentation of adhesion of the CD341

cell population by SCF in CML was not as great as the increase
seen in normal CD341 cells, and indeed, SCF did not augment
adhesion of leukemic CFU-GM to FN. This finding is at odds
with the profound effect of SCF as a single agent on CML cell
proliferation and shows that adhesive and proliferative re-
sponses to SCF are uncoupled in CML. This decrease in the
adhesive response to SCF is consistent with increased expres-
sion of the adhesion inhibitoryb1B-integrin isoform in CML
cells.51

Our data suggest that increased proliferation in the presence
of SCF alone, without a concomitant increase in the antiprolifer-
ative signals that are provided byb1-integrin activation, may
contribute to the massive accumulation of leukemic progenitors
that is a constant feature of this disease. This hypothesis is
supported by our previous demonstration that SCF promotes
preferential engraftment of the leukemic cell population in
sublethally irradiated NOD/SCID mice that are injected with
unselected CML blood cells.52

The selective activity of SCF alone on Ph1 primitive
progenitors provides a unique culture assay that can be used to
examine the number and clonogenic potential of these cells
under different conditions. The potential use of SCF to induce
differentiation of Ph1 progenitors to extinction, while having an
antiapoptotic effect on Ph2 progenitors, may raise the prospect
of a new in vitro strategy to purge long-term repopulating CML
cells from autograft material.
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