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ABSTRACT Recombinant rat stem cell factor (SCF) was
studied for its ability to stimulate the growth of murine
hematopoietic progenitor cells and to generate colony-forming
cells (CFC) from highly enriched populations of hematopoietic
cells. In serum-deprived cultures, SCF alone stimulated few
colonies but interacted with a number of other hematopoietic
growth factors, particularly interleukin 3, to promote colony
formation. The most marked effect was on the generation of
mixed-cell colonies. Hematopoietic cells were sorted into
wheat-germ agglutinin-negative, monocyte-depleted, rhoda-
mine 123 (Rh123)-bright or Rh23-dull cells. Historically,
Rhl23-bright cells are capable of short-term (<1 mo) marrow
engraftment, whereas among Rh23-dull cells are cells capable
of long-term marrow engraftment. Enriched cells (2.5 x 103)
were placed into serum-deprived liquid cultures with various
hematopoietic growth factors. Initially, the Rh123-bright and
Rh123-dull cells had few CFC but, in the presence of interleu-
kin 3 and SCF, Rh123-bright cells gave rise to >15,000
granulocyte/macrophage CFC, >1500 erythroid burst-
forming cells, and >700 mixed-cell CFC by day 5. In contrast,
RhI23-dull cells proliferated only in the presence of interleukin
3 and SCF, but total cell numbers rose to a peak of 18,000 by
day 21, and one-third of the cells were CFC. Thus, SCF, in
combination with other growth factors, can generate large
numbers ofCFC from pre-CFC and appears to act earlier than
hematopoietic growth factors described to date.

An important goal ofexperimental hematology is understand-
ing the factors that control proliferation and differentiation of
pluripotent hematopoietic stem cells (PSC). In pursuit of this
goal, several methods have been described recently to purify
PSC from rodents and primates based on ability of the
isolated cells to reconstitute hematopoiesis in appropriate
recipients (1-4). PSC capable of long-term (>4 mo) marrow
reconstitution (5-7) were separated from cells capable of
short-term (<1 mo) repopulation. Cell function correlated
with the degree to which such PSC are in the Go stage of the
cell cycle (8). Because cell quiescence correlates with the
mitochondrial activity of the cells, the two cell populations
are separable based on differences in their ability to take up
the dye rhodamine 123 (Rh123) (9).
Many hematopoietic growth factors have been identified

that affect the proliferation and differentiation of hematopoi-
etic progenitor cells (10). In contrast, little is known about the
factors that control proliferation of PSC.

Rh123-dull and Rh123-bright populations can proliferate
and colonize murine marrow. Although both cell populations
die within 24 hr in culture without growth factors, they can
induce a cobblestone area of hematopoiesis if seeded on

marrow-stromal cells (11, 12). The factors produced by the
marrow stroma responsible for PSC growth have not yet been
identified. Rh123-bright cells can be induced into cell cycle
by interleukin 3 (IL-3) (13, 14). Erythropoietin (Epo) (15),
macrophage colony-stimulating factor (M-CSF), IL-1, and
IL-6 (16, 17) synergize with IL-3 by synchronizing entry of
these cells into the cell cycle (16). However, proliferation of
these cells results predominantly in differentiation because
the cells with marrow-repopulating ability are lost after only
a 24-hr exposure to IL-3 (15), whereas the number of pro-
genitor cells in the culture progressively increases, reaching
a peak after 4 days (18). Because IL-3 has not been shown to
be produced by stromal cells in vivo or in vitro, the identity
ofthe growth factor that induces proliferation ofRh123-bright
cells remains to be determined.

Recently stem-cell factor (SCF), the ligand for the c-kit
gene product (19-22), has been isolated, and its gene has been
cloned and expressed. SCF is expressed in a number of
tissues during early development (23) and potentially is
involved in the organization of multiple tissues, including
hematopoiesis. We have studied the effect ofrecombinant rat
SCF, alone and in combination with other hematopoietic
growth factors, on the proliferation and differentiation of
murine progenitor cells as well as highly enriched Rh123-
bright and Rh123-dull cells. Although SCF had little colony-
stimulating activity by itself, it interacted with all growth
factors tested and, in conjunction with IL-3, generated large
numbers of CFC from Rh123-bright and Rh123-dull cells.
Thus, SCF is the most potent stimulus identified to date for
generating many CFC from pre-CFC.

MATERIALS AND METHODS
Mice. B6C3J (The Jackson Laboratory) or CD1 (Charles

River Breeding Laboratories) males (10-12 g) were used.
Mice were provided with sterilized food and water ad libitum.
Growth Factors. Pure recombinant murine IL-3 and gran-

ulocyte/macrophage CSF (GM-CSF) were provided by J. J.
Mermod (Glaxo). Pure recombinant human Epo and granu-
locyte CSF (G-CSF) and purified recombinant rat SCF (24)
were provided by J. Egrie, L. Souza, and K.Z. (Amgen),
respectively.
Each growth factor was used at a concentration that

induced a maximal number of colonies in serum-deprived
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tor; Rh123, rhodamine 123; CFC, colony-forming cells; PSC, pluri-
potent stem cells; IL, interleukin; Epo, erythropoietin; GM-, gran-
ulocyte/macrophage; M-CSF, macrophage CSF; FITC, fluorescein
isothiocyanate; WGA, wheat germ agglutinin; G-CSF, granulocyte
CSF; CFU-S, spleen colony-forming units; CFU-GM, GM colony-
forming units; BFU-E, erythroid burst-forming cells; mAb, mono-
clonal antibody.
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cultures of total marrow. These concentrations were 100
units/ml for IL-3, 10 units/ml for GM-CSF, 1000 units/ml for
G-CSF, 1.5 units/ml for Epo, and 100 ng/ml for SCF.
Enrichment of Hematopoietic Cells. Hematopoietic cells

were enriched, as described (1, 25). Adult mouse marrow
cells were collected by flushing the femurs with Hanks'
balanced salt solution (GIBCO) buffered at pH 6.7 with
Hepes (10 mM; Merck) and supplemented with penicillin (100
international units/ml) and streptomycin (0.1 mg/ml). Cells
were filtered through a nylon sieve and then centrifuged (400
x g for 10 min at 40C) in a discontinuous metrizamide
(Nyegaard, Oslo) density gradient in the presence of wheat
germ agglutinin (WGA) bound to fluorescein isothiocyanate
(FITC; 1 ,ug/10 ml of metrizamide solution; Polysciences).
The low-density cells were washed once and analyzed by
using a light-activated cell sorter (FACS II; Becton Dickin-
son). Cells with medium and high WGA-FITC fluorescence,
medium forward and low perpendicular light-scatter intensi-
ties, were sorted. Subsequently, WGA-FITC was removed
from the cells by incubation with an isotonic solution of
N-acetyl-D-glucosamine (0.2 mol/l; Polysciences). The cells
were then labeled with the monoclonal antibody (mAb) 15-1.1
(26) directly conjugated with FITC and sorted again. The
mAb 15-1.1-negative cells were stained with Rh123 (Eastman
Kodak) and sorted again. Rh123-dull and -bright cells were
separated on the basis of fluorescence. The effectiveness of
separation was monitored by the spleen colony-forming
assay (CFU-S). Preliminary experiments revealed a 1500-fold
enrichment of day 12 CFU-S in the Rh123-bright population
and a 250-fold increase in the Rh123-dull population (data not
shown).

Cell Culture. Intact marrow cells or enriched cell popula-
tions were cultured either in semisolid medium to enumerate
CFC, or 2.5 x 103 sorted cells were incubated in 0.5 ml of
liquid culture for 2-21 days. In the latter case, the number of
CFC in the culture was evaluated at different intervals by
culturing an aliquot (20% of the volume) of cells from the
suspension culture.
For CFC assays, 5 x 104 marrow cells were cultured in

semisolid medium containing the following components in
Iscove's modified Dulbecco's medium: methylcellulose
(0.8%, final concentration), 2-mercaptoethanol (75 MM), and
either 40% (vol/vol) fetal bovine serum (Hyclone) or a
mixture of fetal bovine serum-replacing components-
deionized bovine serum albumin (fraction V, Sigma) and
bovine serum albumin-adsorbed cholesterol and soybean
lecithin (Sigma; final concentration 200 ,uM for both), iron-
saturated human transferrin (Behring; 9,uM), insulin (Sigma;
1.7 ,uM), nucleosides (10 ,ug/ml each), hemin (Sigma; 10 ,uM),
sodium pyruvate (100 ,uM), and L-glutamine (2 mM), as
reported (27, 28).
For liquid suspension cultures, methylcellulose was re-

placed by Iscove's modified Dulbecco's medium.

RESULTS
The Effect of SCF on CFC Growth. As shown in Fig. 1,

increased concentrations of SCF interacted with Epo or
G-CSF to promote the growth of erythroid bursts, granulo-
cyte/macrophage (GM) colonies, or mixed-cell colonies.
SCF, alone, supported the growth of few erythroid bursts;
however, SCF synergized with Epo to provide more bursts
than were obtainable with Epo plus spleen cell-conditioned
medium (28). In contrast, SCF supported half the number of
GM colonies found with G-CSF plus spleen cell-conditioned
medium. SCF interacted with G-CSF in a dose-dependent
fashion.
Although unable to promote mixed-cell colony growth by

itself, SCF interacted with Epo to promote nearly as many
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FIG. 1. Effect of increased concentrations of SCF on growth of
erythroid bursts (Top), GM colonies (Middle), and mixed-cell colo-
nies (Bottom) in serum-deprived cultures of unfractionated mouse
marrow cells (5 x 104 cells per dish) in the presence ofEpo or G-CSF.
Number ofcolonies observed with 100 ng ofSCF alone is also shown.

mixed-cell colonies as seen with Epo plus spleen cell-
conditioned medium.

Fig. 2 shows the effect ofSCF alone or in combination with
other hematopoietic growth factors on colony formation by
Rh123-bright cells. Erythroid bursts, GM colonies, and
mixed-cell colonies were scored. SCF alone was incapable of
supporting colony growth. IL-3, G-CSF, and GM-CSF, by
themselves, supported only a few GM colonies. Epo alone
supported no erythroid or mixed-cell colonies. In combina-
tions, SCF with Epo gave rise to some erythroid bursts,
whereas SCF, IL-3, and Epo, together, gave rise to 1-5
mixed-cell colonies, 50GM colonies, and 5-10 pure erythroid
bursts. SCF synergized with IL-3 to supportGM colonies and
synergized with G-CSF and GM-CSF to support the growth
of GM colonies. Thus, SCF interacted with multiple hema-
topoietic growth factors to promote colony formation by a
subpopulation ofhighly enriched murine hematopoietic cells.

Effect ofSCF in Liquid Culture ofRhl23-Bright and Rh123-
Dull Cells. Fig. 3 shows the effect ofSCF and IL-3, alone and
in combination, on total cell numbers and CFC, over time, in
serum-deprived liquid culture of Rh123-bright cells. The cell
input was 2500 per well. After 2 days, the number of cells
became virtually undetectable (Fig. 3A). Without growth
factors, no cell proliferation occurred. In the presence ofIL-3
alone, up to 30,000 cells were seen by day 5; this number
declined by day 10. With SCF alone, several hundred cells
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FIG. 2. Effect of SCF, alone or in combination with Epo, IL-3,
GM-CSF, or G-CSF, on growth of erythroid bursts, GM colonies,
and mixed-cell colonies (Top, Middle, or Bottom, respectively) from
WGA+/mAb 15-1.1-/Rh123-bright marrow cells (500 cells per dish)
in serum-deprived cultures. Data represent the mean (±SD) of three
experiments performed in duplicate. Large SDs were seen due to the
highly variable number of CFC detectable in primary cultures of
Rh123-bright cells.

were present on day 5, but these became undetectable at day
10. IL-3 and SCF together, however, yielded nearly 200,000
cells by day 5, which declined to 100,000 by day 10.

Similar effects on CFC were seen (Fig. 3B). Few CFC were
present in the Rh123-bright input cells. Without added growth
factor, no CFC appeared. With IL-3, few GM colony-forming
units (CFU-GM) were detected on day 2 but their numbers
increased to =2000 by day 5. Some erythroid burst-forming
cells (BFU-E) and mixed-cell CFC were detected by day 5.
SCF alone gave rise to a small number of detectable BFU-E,
GM-CFC, and mixed-cell CFC by day 5. Again, the combi-
nation of IL-3 and SCF was most dramatic in giving rise to
1500 mixed-cell CFC, nearly 15,000 GM-CFC, and over 700
BFU-E after 5 days in culture. CFC numbers declined by 10
days.

Subsequent experiments were done on day 5 cells to
examine the interaction of SCF with other growth factors
(Fig. 4). Again, without growth factors, cell numbers de-
clined, and no CFC accumulated. SCF, G-CSF, and Epo, by
themselves, promoted the accumulation of few CFC, and
SCF and G-CSF maintained total cell numbers to a limited
degree. In contrast, IL-3 and GM-CSF, by themselves,
promoted considerable cell proliferation, and, for IL-3, the
appearance of small numbers of BFU-E, GM-CFC, and
mixed-cell CFC. GM-CSF is of particular interest in that it
stimulated cell proliferation (~'100,000 from an input of 2500)
but virtually no CFC. Most potent were SCF and IL-3; SCF
and GM-CSF; and SCF, Epo, and IL-3. The addition of SCF
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FIG. 3. Effect ofSCF, alone or in combination with IL-3, on total
cell numbers (A) or the number of BFU-E (B), CFU-GM (C), and
mixed-cell CFC (D) arising in liquid culture ofWGA+/mAb 15-1.1-/
Rh123-bright marrow cells. Input cell values (day 0) and values after
2, 5, and 10 days are presented. Data represent the means of four
separate experiments.

to the suspension culture resulted in much larger numbers of
CFC of all types.

In experiments similar to those with Rh123-bright cells,
2500 Rh123-dull cells were placed into serum-deprived sus-
pension culture. Results for 10 and 21 days of suspension
culture are shown in Table 1, as no changes of consequence
were seen during the first 5 days of culture. In these exper-
iments, the Rh123-dull cells contained no detectable CFC at
input. When no growth factors were added to the suspension
cultures, no cells or CFC were recoverable. IL-3 alone, SCF
alone, and the combination of G-CSF, GM-CSF, and IL-3
failed to sustain cell numbers or allow any accumulation of
CFC. However, over a 10-day period, the combination of
IL-3 and SCF not only maintained total cell numbers but also
led to the appearance of BFU-E, GM-CFC, and mixed-cell
CFC. These numbers increased further by day 21, at which
point a nearly 8-fold amplification of total cell numbers was
seen as well as more accumulation ofBFU-E, GM-CFC, and
mixed-cell CFC. By day 21, one-third of the cells were CFC.
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FIG. 4. Effect of SCF, alone and in combination with several
hematopoietic growth factors, on proliferation and differentiation of
WGA+/mAb 15-1.1-/Rhl23-bright marrow cells after 5 days of
liquid culture under serum-deprived conditions. Total cell number
and numbers of BFU-E, CFU-GM, and mixed-cell CFC are shown
in A-D, respectively. A representative experiment is shown.

DISCUSSION
SCF is an additional hematopoietic growth factor, the gene
for which has recently been cloned and expressed (19-22,
24). SCF is encoded in the Steel locus and is the ligand for the
c-kit tyrosine kinase receptor. Steel (Si/lid) mice have a
number of developmental abnormalities, including altered
coat color, lack of primordial germ cells, reduced support of
hematopoietic stem cells, lack of mast cells, as well as
macrocytic anemia (29). SCF is expressed differentially by a
variety of tissues during murine embryogenesis and may have
a role in development (23).
We have studied the effect of purified recombinant rat SCF

on the in vitro proliferation and differentiation ofadult murine
hematopoietic progenitor cells and have examined the effect
of SCF, alone or with other hematopoietic growth factors, on
the proliferation and differentiation ofhighly enriched murine
progenitor cells. These studies were designed to assess the
range of progenitor cell activities of SCF and the range of
potential interactions that SCF might have with other growth
factors. The enrichment procedure chosen was designed to
isolate populations of cells that had been shown previously to
contain within them the cells responsible for short- or long-

Table 1. Effect of hematopoietic growth factors alone and in
combination on proliferation and differentiation of Rh123-dull cells

Total Mixed-cell
Factor(s) added cells/ml BFU-E GM-CFC CFC

Day 0 2,500 0 0 0
Day 10
None 0 0 0 0
IL-3 0 0 0 0
SCF 0 0 0 0
IL-3 + SCF 2,770 25 982 31
G-CSF + GM-CSF
+ IL-3 0 0 0 0

Day 21
None 0 0 0 0
IL-3 0 0 0 0
SCF 0 0 0 0
IL-3 + SCF 18,500 185 5,720 69
G-CSF + GM-CSF
+ IL-3 0 0 0 0

term marrow repopulation (Rh123-bright and Rh123-dull,
respectively).
SCF alone was found to have little colony-stimulating

activity in serum-deprived cultures. These results are similar
to those ofBroxmeyer et al. (30). Our findings are also similar
to those made earlier for GM-CSF and IL-3 (15, 31) and are
consistent with the thesis that early-acting factors require one
or more later-acting factors for full colony growth to be
observed. This hypothesis was borne out in studies that
documented various patterns of interactions between SCF
and IL-3, GM-CSF, G-CSF, and Epo.

In subsequent experiments, murine marrow cells were
separated into Rh123-bright and Rh123-dull populations.
Rh123-bright or Rh123-dull cells gave rise to few or no
colonies when plated directly in semisolid medium with
growth factors and without serum. Previous studies have
demonstrated that both populations give rise to spleen col-
onies in the CFU-S assay. Rh123-bright cells contain both
day 8 and day 12 CFU-S, whereas Rh123-dull cells contain
predominantly day 12 CFU-S (11). Rh123-bright cells are
incapable of long-term marrow reconstitution, suggesting
that cells other than day 12 CFU-S, present among the
Rh123-dull cells, are responsible for this function.
The results observed with the enriched cell populations

confirmed that SCF can interact with a variety of hemato-
poietic growth factors and suggested that SCF was key to the
accumulation of CFC over time. The results also demon-
strated that the kinetics of response to SCF and other growth
factors of Rh123-bright cells differed from the kinetics of the
response of Rh123-dull cells. The peak response of Rh123-
bright cells was on day 4 or 5 of suspension culture. For
Rh123-dull cells, there was no early wave of proliferation
and, under the conditions tested, the highest numbers of cells
were seen at day 21. At this time, one-third of all cells that had
accumulated were CFC of various classes, including mixed-
cell CFC.
The kinetics of response to SCF in conjunction with IL-3

suggest that the more primitive cells are among the Rh123-
dull population, in keeping with observations that this cell
population is responsible for long-term marrow reconstitu-
tion. Furthermore, the results raise the possibility that SCF,
alone or with one or another growth factor, can amplify the
population giving rise to long-term marrow reconstitution.
The results also suggest other uses for SCF. If Rh123-dull

cells can be activated into cell cycle by SCF, they provide a
more prime target for gene-transfer experiments. Further-
more, if cells capable of long-term marrow reconstitution are
amplified by SCF, strategies may be devised for the ampli-
fication of human stem cells in vitro and their storage for

Medical Sciences: Migliaccio et al.
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eventual transplantation, because the gene for human SCF
has also been cloned and expressed (24). The successful
development of this methodology would simplify the trans-
plantation process in a number of ways.
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