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ABSTRACT Differentiation induction in murine M1 leu-
kemia cells by interleukin 6 (IL-6), leukemia inhibitory factor
(LIF), and oncostatin M (OSM) is postulated to occur via a
common receptor chain, gp130. In this study, growth factor-
induced differentiation of M1 cells was accompanied by a late
and persistent decrease in levels of mRNA and protein for a
helix-loop-helix transcription factor, the SCL gene product.
To evaluate whether reduced SCL expression was instrumental
in monocyte differentiation, an SCL cDNA expression vector
was introduced into M1 cells to obtain cell lines in which
overexpression of SCL mRNA and protein was enforced. This
resulted in a reduction in cells differentiating in response to LIF
and OSM but not in response to IL-6. Scatchard analysis
indicated that both parental and SCL-transfected cell lines
exhibited similar receptor numbers and receptor affinities for
LIF, OSM, and IL-6, suggesting that the differential respon-
siveness was not due to selective receptor down-modulation.
Thus, these data implicate SCL in monocytic differentiation
and provide evidence for differential receptor signaling path-
ways despite utilization of a common gp130 subunit by all three
receptors.

Proteins of the helix-loop-helix (HLH) family contain a
common motif found in a variety of transcription factors with
roles in the regulation of tissue-specific gene expression and
developmental processes such as neurogenesis, myogenesis,
germ-layer formation, and sex determination (1-3). The prod-
uct of the SCL (stem-cell leukemia) gene is a member of this
family (4, 5) and is implicated in proliferation and differen-
tiation events in hemopoietic cells (6, 7). SCL (also known as
Tal-1) (8, 9) is expressed in erythroid cells, mast cells,
megakaryocytes, and aberrantly in certain T-cell lines (4, 8,
10-12). In addition, early myeloid cell lines such as M1,
NFS60, FDCP1, and 32D also express SCL mRNA (12) and
protein (N.E., C.G.B., and N.A.N., unpublished data), al-
though SCL is not detected in populations of mature myeloid
cells (11, 13). Recently, M1 murine leukemia cells (14) have
been shown to differentiate in response to the growth factors
interleukin 6 (IL-6), leukemia inhibitory factor (LIF), and
oncostatin M (OSM) (15-17). These cells display specific
binding for all three growth factors (18-20) and at least two
receptor components are required for binding and growth
factor signaling (18, 21-23). Despite differences in these
receptor complexes, receptor signaling for IL-6, LIF, and
OSM is postulated to occur via a common receptor chain
(gp130) (24-27).

In the work reported here, we studied the behavior of SCL
mRNA and protein during growth factor-induced differenti-
ation of M1 leukemia cells. We then established M1/SCL cell
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lines in which overexpression of SCL. mRNA and protein was
enforced. Using these M1/SCL cell lines, we examined the
effects of SCL overexpression on terminal differentiation
induced by LIF, IL-6, and OSM.

MATERIALS AND METHODS

Enforced Expression of SCL in M1 Cells. An SCL retrovirus
was constructed by introducing the entire murine SCL coding
region (28) into the MPZen/Neo retrovirus (29) so that SCL
expression was under control of the long terminal repeat
promoter of myeloproliferative sarcoma virus. M1 cells were
then infected by cocultivation with an SCL-retroviral ‘‘pack-
aging’’ cell line (30). After 3 days of cocultivation, cells were
cloned in agar by selection with the neomycin analogue G418
(400 pg/ml). On day 7, individual G418-resistant colonies
were resuspended to establish four M1/SCL clonal cell lines.
M1/SCL clonal cell lines were confirmed to express the
retroviral (exogenous) SCL mRNA (see below). Three con-
trol cell lines were obtained by using the vector alone; clonal
cell lines derived by G418 selection in agar (M1/neo cell lines)
were examined in addition to parental M1 cells. All cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% bovine calf serum. At various time points
cells were prepared for morphological examination (using
Cytospin preparations stained with May-Grunwald and Gi-
emsa reagents and examining a minimum of 200 cells) and
Northern analysis, with medium being changed every 3 days
during the culture period.

Agar Cultures. Cells (300 per ml) were cultured with serial
dilutions of purified recombinant mouse LIF, IL-6, or OSM
in 35-mm Petri dishes using DMEM with a final concentration
of 20% preselected bovine calf serum and 0.3% agar in a final
volume of 1 ml. Cultures were incubated at 37°C in a fully
humidified atmosphere of 10% CO, in air. Colonies (clones of
>40 cells) were scored at X35 magnifications with a dissec-
tion microscope after 7 days of incubation. Differentiated
colonies were identified by their characteristic dispersed
morphology (31).

Recloning experiments were performed by selecting con-
secutive colonies that had been cultured for 7 days in
maximal concentrations of LIF. These colonies were resus-
pended and grown in 1-ml agar cultures containing LIF for a
further 7 days.

Binding Studies on Intact Cells. Equilibrium binding studies
at 0°C were performed for 4 hr and the data were analyzed by
the method of Scatchard after correction for the bindable
fraction and the specific radioactivity. LIF, IL-6, and OSM
radiolabeling was performed as described (19, 32, 33).

Abbreviations: LIF, leukemia inhibitory factor; IL-6, interleukin 6;
OSM, oncostatin M; HLH, helix-loop-helix.
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bourne Hospital, Victoria 3050, Australia.
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Northern Blotting. Poly(A)* RNA was isolated from cells
as described (34). RNA samples were size-fractionated by
electrophoresis in 0.8% agarose gels with 1x Mops buffer (20
mM Mops/1 mM EDTA/5 mM sodium acetate, pH 7.0)
containing 0.22 M formaldehyde. RNA was transferred to
nitrocellulose (Hybond C-extra, Amersham), baked at 80°C
for 2 hr, and prehybridized at 42°C for >1 hr in 50% (vol/vol)
formamide/4 X Denhardt’s solution (0.08% Ficoll/0.08% bo-
vine serum albumin/0.08% polyvinylpyrrolidone)/5 mM
EDTA/5x SSC (0.75 M NaCl/0.075 M sodium citrate, pH
7.0) containing denatured salmon sperm DNA at 100 ug/ml.
32p.labeled probes were derived by random priming (Bres-
atec, Adelaide, Australia) and hybridization was performed
overnight at 42°C by adding 1-5 x 10 cpm/ml to hybridiza-
tion buffer. Filters were washed at 65°C in 0.2x SSC/0.1%
SDS and exposed to film. ‘

Western Immunoblots. A peptide corresponding to the
carboxyl region of the predicted SCL protein was synthe-
sized, conjugated to keyhole limpet hemacyanin, and used to
immunize rabbits. Antiserum was titered by enzyme-linked
immunosorbant assay using diluted peptide as primary anti-
gen. To ensure that the antiserum detected the SCL protein
Western blot analysis was initially established by using an
SCL fusion protein expressed in Escherichia coli (N.E.,
unpublished work). To examine SCL protein, cells were
suspended in 2% SDS/100 mM dithiothreitol/60 mM Tris, pH
6.8 and quick-frozen at —70°C prior to Western blot analysis.
After SDS/polyacrylamide gel electrophoresis of cell ex-
tracts, proteins were transferred to nitrocellulose. The nitro-
cellulose filter was probed with antiserum and bound anti-
bodies were detected by enhanced chemiluminescence (Am-
ersham). Protein specificity was confirmed by peptide
competition.

RESULTS

SCL Expression Following Induction of Differentiation in
M1 Cells. The parental M1 cell line was cultured at 2 x 10°
cells per ml in medium with LIF (4 ng/ml), IL-6 (25 ng/ml),
or OSM (150 ng/ml) and subjected to morphological exam-
ination as well as Northern and Western analysis. Similar
changes were observed in these parameters with all three
growth factors.

There was no morphological evidence of differentiation
after 1 day with growth factor and cells retained their
immature, blast-like phenotype. However, by 2 days, 3 + 2%
(mean * SD of five experiments) of the cells showed some
evidence of monocytic differentiation with increased cyto-
plasm, vacuolation, and irregular nuclei. By day 3, 16 * 4%,
and by day 5, 91 £ 3%, of the cells (mean = SD of four
experiments) displayed a mature monocyte/macrophage
phenotype regardless of the growth factor under study, and
100% of cells were differentiated by 7 days. During this time
the total cell number increased =3-fold in LIF-, IL-6-, and
OSM-stimulated cultures.

Fig. 1 shows Northern analysis of LIF-, IL-6-, and OSM-
induced differentiation in the parental M1 cell line. The two
SCL mRNA bands correspond to two different splicing
products reported previously (28). By days 3-4 the level of
SCL mRNA was markedly decreased in LIF-, IL-6-, or
OSM-treated M1 cells and remained undetectable thereafter.
Consistent with the morphological data, levels of mRNA for
lysozyme, a known marker of monocyte/macrophage differ-
entiation, increased by 3-4 days and continued to increase
until day 7.

Fig. 2 shows Western analysis of LIF-induced monocytic
differentiation of the parental M1 cell line. SCL protein of
=49 kDa was evident in the untreated cells and specificity
was confirmed by peptide competition. SCL protein de-
creased markedly at 4 days, although there was no change at
earlier times, and was undetectable by 7 and 8 days. Similar
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FiG. 1. Northern analysis of time course of LIF-, IL-6-, and
OSM-induced myeloid differentiation of M1 parental cell line.
Poly(A)* RNA was extracted from aliquots of cells at the times
indicated. Approximately 3 ug was electrophoresed in each lane.
Numbers above the lanes represent time (days). Filters were hy-
bridized sequentially with probes specific for murine SCL, a 1.8-kb
EcoRI cDNA fragment (28); murine lysozyme (Lyso.), a 780-bp
EcoRI cDNA fragment (35); and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), a 1.2-kb Pst I cDNA fragment (36). Positions
of 28S and 18S rRNAs are shown.

results were obtained with IL-6 and OSM; again SCL protein
decreased at 3—-4 days and was undetectable after 7 days (data
not shown). These results indicated that the differentiation
induced by LIF, IL-6, or OSM was accompanied by a marked
decrease in SCL mRNA and protein, together with a rise in
lysozyme mRNA and morphological changes of terminal
differentiation.

Analysis of M1/SCL Cell Lines. M1 cells infected with the
SCL retrovirus (M1/SCL cell lines) were cultured under the
same conditions as the parental M1 cell line and subjected to
morphological analysis. In contrast to the parental cells and
the three M1/neo control cell lines, all four M1/SCL cell lines
treated with LIF and OSM showed reduced monocytic

LIF None
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Fi1G. 2. Western analysis of time course of LIF-induced myeloid
differentiation of M1 parental cell line. Time is indicated (days). Blots
were analyzed with peptide competition (+) or without (—). Arrow
indicates specific SCL protein band.
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differentiation. By day 3 only 3 + 1% (mean + SD of three
experiments) of the cells showed evidence of differentiation;
the proportion was 42 + 9% by day 5, and 76 + 12% of the
cells were terminally differentiated by day 7. During this
period, total cell numbers increased ~6-fold. Treatment with
IL-6 gave a very different result. As with the parental M1
cells and the three M1/neo control cell lines, IL-6 resulted in
=15% of cells from the four M1/SCL cell lines showing
evidence of differentiation by day 3 and =90% being fully
differentiated at day 5. Cell number increased =~3-fold. Cul-
tures containing mixtures of LIF or OSM with IL-6 did not
alter the response observed with IL-6 alone, indicating no
block to IL-6 action (data not shown).

A similar discrepancy among the M1/SCL cell lines in LIF,
OSM, and IL-6 was observed with mRNA expression. Fig. 3
shows a typical Northern time-course analysis of one M1/
SCL cell line after treatment with LIF, IL-6, or OSM. The
exogenous SCL transcripts were readily detectable for at
least 7 days. Although there was a decrease in the exogenous
SCL transcripts during the 7 days, this decline was the same
for all three growth factors as assessed by densitometric
analysis of Northern blots and did not alter the decline in
endogenous SCL transcripts (data not shown). However,
regardless of growth factor, the level of SCL expression at
day 7 remained significantly greater than in parental or
control M1 cells (Fig. 1). In LIF- and OSM-treated cells,
lysozyme mRNA was not detected until day 5, after which
the level of this mRNA was markedly increased. In contrast,
in IL-6-treated cells, lysozyme mRNA was clearly evident by
day 3, the same time point as for parental M1 cells. Thus,
consistent with the results of morphological examination, it
appeared that enforced SCL overexpression reduced the
terminal differentiation of M1 cells induced by LIF and OSM
but not that induced by IL-6.

Influence of SCL Overexpression on Clonogenic Behavior of
M1 Cells. Agar cultures were used to analyze the respon-
siveness of clonogenic M1/SCL cells to LIF, IL-6, and OSM
(Fig. 4). In maximal concentrations of LIF, IL-6, and OSM,
almost all colonies derived from control cell lines (three
M1/neo cell lines and parental M1) displayed a differentiated
phenotype. However, all four M1/SCL cell lines treated with
similar concentrations of LIF or OSM showed only 20-40%
differentiated colonies by day 7. Further, those colonies that
did respond exhibited a reduction in quantitative responsive-
ness to LIF and OSM (Fig. 4). In contrast, M1/SCL cell lines
exhibited essentially 100% differentiated colonies in response
to IL-6 with a dose-response curve that was identical to that
of control cell lines. Similar results were obtained for all
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F1G. 3. Northern analysis of time course of LIF-, IL-6-, and
OSM-induced myeloid differentiation of M1/SCL cell line. Approx-
imately 3 ug of poly(A)* mRNA was electrophoresed in each lane.
Numbers represent time (days). Filters were hybridized sequentially
with the following probes: murine SCL; lysozyme (Lyso.); GAPDH
(see Fig. 1 for description). The exposure shown for SCL in the OSM
panel was deliberately selected to allow comparison with SCL
mRNA levels in Fig. 1. The filter was hybridized and exposed under
identical conditions (24 hr) and on the same day as the blots shown
in Fig. 1. Shorter exposures (5 hr) are shown for LIF and IL-6.
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F1G.4. Responsiveness of control and M1/SCL cell lines to LIF,
IL-6, and OSM. Results for M1 parental cells (0), an M1/neo clonal
cell line (A), and two M1/SCL clonal cell lines (clone S5, ®; clone S8,
4) are shown. Similar results were obtained with all clonal cell lines.
Note altered dose-response of M1/SCL clonal cell lines to LIF and
OSM but not IL-6.

SCL-transfected and control cell lines. Thus the transfected
SCL gene reduced LIF and OSM responsiveness while
leaving IL-6 responsiveness unaltered.

In recloning experiments, colonies derived from control
(M1/neo and parental M1) cell lines contained few or no
clonogenic cells after 7 days in culture with LIF (0% clono-
genic cells per colony for M1/neo cell line; ~15% clonogenic
cells per colony for parental M1 cells). In contrast, colonies
derived from M1/SCL cell lines showed greater numbers of
clonogenic cells after 1 week in LIF (=70% clonogenic cells
per colony for one M1/SCL cell line; 50% for another).
Further, while the few secondary colonies from control cell
lines were 100% differentiated, only 30% of secondary col-
onies from M1/SCL cell lines were differentiated (range,
0-60%). Thus although LIF was able to completely extin-
guish the M1 control cell lines in 1-2 weeks, this was not the
case for the M1/SCL transfectants.

Enforced SCL Overexpression Does Not Alter LIF, OSM, or
IL-6 Binding. Fig. 5 shows saturation binding isotherms and
Scatchard analysis of the binding of 125I-LIF, 125I-OSM, and
1251.]L-6 to M1 parental and M1/SCL cell lines. The numbers
of LIF, OSM, and IL-6 binding sites on M1/SCL cell lines
were the same as on parental and control cell lines. A single
class of high-affinity LIF receptor was observed (=340 sites
percell, Kq = 74 pM for parental M1 cells; =205 sites per cell,
K4 = 92 pM for a typical M1/SCL cell line) (18, 19). Two
classes of OSM receptor were observed on M1 parental and
M1/SCL cell lines (=240 high-affinity sites per cell, Kg = 2
nM for parental M1 cells; =343 high-affinity sites per cell, K4
= 2.5 nM for a typical M1/SCL cell line; =1100 low-affinity
sites per cell, Ky = 32 nM for parental M1 cells; ~1090
low-affinity sites per cell, K4 = 20 nM for a typical M1/SCL
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cell line). 125I-IL-6 binding on M1 and M1/SCL cells showed
a single class of receptor (=1200 sites per cell, K4 = 167 pM
for parental M1 cells; =1600 sites per cell, K4 = 230 pM for
a typical M1/SCL cell line). Therefore it appeared that
overexpression of a transfected SCL gene did not affect LIF,
OSM, or IL-6 receptor status.

DISCUSSION

In this report we have shown that monocytic differentiation
of M1 leukemia cells induced by LIF, OSM, or IL-6 was
accompanied by a marked decrease in SCL mRNA and
protein (Figs. 1 and 2). Conversely, enforced overexpression
of SCL resulted in reduced terminal differentiation and
responsiveness of cells to LIF and OSM, but not to IL-6
(Figs. 3 and 4).

The HLH family of transcription factors is known to have
an important role in differentiation events in a wide variety of
tissues (1, 2), and the SCL protein has been similarly impli-
cated in hemopoietic differentiation events (6, 7). In this
study, additional support for this view was provided because
SCL expression decreased during growth factor-induced
monocytic differentiation in a manner similar to its decrease

during chemically induced myeloid differentiation in K562
human erythroleukemia cells (13). This therefore parallels the
normal pattern of SCL expression: SCL mRNA is detected
in early myeloid ‘‘progenitor’’ cell populations but is not
detected in mature monocyte/macrophage cell populations
(11, 12, 37). In addition, these data link changes in expression
(and regulation) of SCL with growth factor-receptor inter-
actions occurring at the cell surface. This may at least in part
by mediated by changes in phosphorylation status of SCL
(38).

To determine whether the decrease in SCL expression
might be necessary for the development of the monocytic
phenotype, SCL was deliberately overexpressed in the leu-
kemic cells. This resulted in reduced terminal myeloid dif-
ferentiation and growth factor responsiveness of clonogenic
cells. In this regard, SCL differed from c-myc (39), or c-myb
(40), for which changes in expression occurred at earlier
times and enforced expression abrogated terminal differen-
tiation induced by growth factor. Thus it appeared that
although the decrease in SCL occurred as a late consequence
with all three growth factors, its enforced overexpression was
directly able to (differentially) influence the ability of the cells
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to undergo differentiation in response to LIF or OSM. It is
unclear why not all clonogenic cells overexpressing SCL
were refractory to differentiation induction, but this may
have been due to variation in the level of SCL expression in
individual cells.

These data also have implications for signaling through the
LIF, OSM, and IL-6 receptor complexes. LIF, IL-6, and OSM
share the ability to induce the differentiation of the murine
myeloid leukemic cell line M1 and the human histiocytic
leukemia U937 (20). This and other overlapping biological
activities suggested that the signal transduction pathways for
LIF, IL-6, and OSM may be interrelated, either at the level of
receptors or through common intracellular signaling path-
ways. The membrane glycoprotein gp130 is recognized as
essential for signal transduction by IL-6 (26). Although it lacks
IL-6-binding activity, gp130 is able to generate a high-affinity
IL-6 receptor complex when associated with the low-affinity
IL-6 receptor and IL-6 (21). Similarly LIF binds to a low-
affinity receptor chain which also then interacts gp130 (22). In
addition, gpl130 is able to bind OSM with low affinity, is
essential for transducing signals for OSM, and interacts with
the neurally restricted receptor for ciliary neurotropic factor
(23, 41). Moreover, using M1 cells, Lord et al. (42) have
reported that LIF and IL-6 utilize common intracellular sig-
naling pathways, including tyrosine phosphorylation of a
160-kDa protein, to trigger an identical immediate early re-
sponse upon induction of differentiation (42). However, the
results presented in this paper suggest that at least in some
situations, the receptor signaling pathways for LIF and OSM
can be distinguished from that of IL-6. Because there was no
detectable difference in receptor numbers or receptor affinity,
it seems likely that the signaling pathways diverge beyond this
point. Since both LIF and OSM receptors on M1 cells contain
LIF receptor/gpl30 heterodimers whereas IL-6 receptors
contain gp130 with the low-affinity IL-6 receptor, it is probable
that different signaling pathways are generated either by LIF
receptor or by the heterodimer and that those pathways are
acted upon either directly or indirectly by SCL. Therefore the
M1/SCL cell lines described in this study may provide a
valuable system for further dissecting the molecular mecha-
nisms involved in the transduction of LIF, OSM, and IL-6
signaling.
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