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The proto-oncogenes c-jun, junB, junD, and c-fos recently have been shown to encode for transcription
factors with a leucine zipper that mediates dimerization to constitute active transcription factors; juns were
shown to dimerize with each other and with c-fos, whereasfos was shown to dimerize only with juns. After
birth, hematopoietic cells of the myeloid lineage, and some other terminally differentiated cell types, express
high levels of c-fos. Still, the role offosJiun transcription factors in normal myelopoiesis or in leukemogenesis
has not been established. Recently, c-jun,junB, andjunD were identified as myeloid differentiation primary
response genes stably expressed following induction of terminal differentiation of myeloblastic leukemia Ml
cells. Intriguingly, c-fos, though induced during normal myelopoiesis, was not induced upon Ml differentia-
tion. To gain further insights into the role offosUun in normal myelopoiesis and leukemogenicity, Mlfos and
MlyunB cell lines, which constitutively express c-fos andjunB, respectively, were established. It was shown that
enforced expression of c-fos, and to a lesser extentjunB, in Ml cells results in both an increased propensity to
differentiate and a reduction in the aggressiveness of the Ml leukemic phenotype. Mlfos cells constitutively
expressed immediate-early and late genetic markers of differentiated Ml cells. The in vitro differentiation of
normal myeloblasts into mature macrophages and granulocytes, as well as the increased propensity of Mlfos
leukemic myeloblasts to be induced for terminal differentiation, was dramatically impaired with use of c-fos
antisense oligomers in the culture media. Taken together, these observations show that the proto-oncogenes
which encode forfosUun transcription factors play important roles in promoting myeloid differentiation. The
ability of the Ml leukemic myeloblasts to be induced for terminal differentiation in the absence of apparentfos
expression indicates that there is some redundancy among the fosUun family of transcription factors in
promoting myeloid differentiation; however,juns alone cannot completely compensate for the lack offos. Thus,
genetic lesions affectingfosUun expression may play a role in the development of "preleukemic" myelodys-
plastic syndromes and their further progression to leukemias.

Growth and differentiation of animal cells is a well-
controlled and highly conserved process involving multiple
changes in gene expression that are developmentally regu-
lated and result in the conversion of proliferating, undif-
ferentiated cells into nonproliferating, highly specialized
cells. A profound example of this process, which continues
throughout life, is the complex blood cell formation,
whereby a hierarchy of hematopoietic progenitor cells in the
bone marrow proliferate and differentiate along multiple,
distinct cell lineages, including the proliferation and differ-
entiation of myeloid precursor cells into mature granulocytes
and macrophages (57). The establishment of in vitro culture
systems for the clonal development of bone marrow cells (6,
43) and the availability of Ml myeloblastic leukemia cells,
which proliferate autonomously and can be induced for
differentiation and loss of leukemogenicity by physiological
myelopoietic factors (15, 47, 49), provide an excellent bio-
logical system with which to study, side by side, the molec-
ular biology of normal blood cell development and lesions
that afflict it in leukemia and upon its progression (20, 23, 29,
30).
To enhance our understanding of the regulation of normal

terminal differentiation and alterations in these regulatory
processes that block differentiation, leading to leukemoge-
nicity and its progression, recently we isolated and charac-
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terized cDNA clones of myeloid differentiation primary
response (MyD) genes (1, 32-36). MyD genes are activated in
the absence of de novo protein synthesis in Ml cells follow-
ing induction for terminal differentiation and growth arrest
by conditioned medium of mouse lungs (LUCM), a potent
physiological source of hemopoietic differentiation inducers
(29, 50). These studies have led to the conclusion that the
immediate-early genetic response of terminal myeloid differ-
entiation is complex. Both known genes, previously identi-
fied in the context of other biological systems, and novel
genes, with yet unknown functions, are induced (1, 2,
32-36). In the course of this work, the proto-oncogenes
c-jun, junB, and junD were identified as MyD genes, which
are stably induced, suggesting that they may play key roles
in the initiation, progression, and maintenance of the myelo-
poietic differentiation program.
The proto-oncogenes c-jun, junB, junD, and c-fos recently

have been shown to encode proteins with a leucine zipper
that mediates dimerization to constitute active transcription
factors; juns were shown to dimerize with each other and
with c-fos, whereas fos was shown to dimerize only with
juns (44, 56). After birth, hematopoietic cells of the myeloid
lineage (reference 13 and references; 29) and some other
terminally differentiated cell types (51) express high levels of
c-fos. However, the role of fos/jun transcription factors in
normal myelopoiesis or in leukemogenesis has not been
established. Intriguingly, c-fos, though stably induced during
normal myelopoiesis, was not induced upon Ml differentia-
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tion (29, 32). To gain further insights into the role of fosijun
in normal myelopoiesis and leukemogenicity, Ml cells were
stably transfected with a c-fos or junB transgene (junB was
chosen as a paradigm for afosijun gene similarly induced in
both Ml and normal myeloblasts), to obtain Mlfos and
MljunB cell lines that constitutively express c-fos or junB,
and their growth and differentiation properties were ana-
lyzed. In addition, the effect of constitutive expression of
c-fos on leukemogenicity of Ml cells in vivo was analyzed.
The results of these experiments indicate that the proto-
oncogenes of the fos/jun family of transcription factors are
positive regulators of myeloid differentiation.

MATERIALS AND METHODS

Cells, cell culture, and mice. The murine Mi myeloid
leukemic cell line, obtained from E. R. Stanley (Albert
Einstein College of Medicine), was recloned in soft agar;
clones were tested for differentiation-associated properties
as described previously (29, 32, 34). Ml differentiation-
competent clone 9 (M1D+) was used in this study. Myelo-
blast-enriched bone marrow cells were obtained from femurs
of CD-1 mice (Charles River Laboratories) injected in-
traperitoneally 3 days earlier with 3 ml of 10% sodium
caseinate (Difco) in phosphate-buffered saline (PBS) (29).
Cells were cultured in Dulbecco's modified Eagle's medium
(GIBCO) and 10% horse serum (Ml) or 10% fetal calf serum
(bone marrow) at 37°C in a humidified atmosphere with 10%
CO2. Cells were seeded at densities as indicated (0.1 x 10' to
0.2 x 106 for 3 to 4 days in culture); for RNA extraction
using cells treated for less than 3 days, cell concentrations
were adjusted so that final densities were >0.25 x 10' when
harvested. Viable cell numbers were determined by trypan
blue dye exclusion, with counting in a hemocytometer. CD-1
nu/nu mice, 4 to 6 weeks old, were obtained from Charles
River Laboratories. Cloning of Ml cells in soft agar was
done as described previously (29).

Cytokines, biologicals, and other compounds. Serum-free
LUCM was prepared with LiCl (24) and used at a concen-
tration of 10%. Purified human recombinant interleukin-6
(IL-6) (0.5 mg/ml) was a gift from L. Souza, Amgen, Inc.,
Thousand Oaks, Calif., and used at a concentration of 100
ng/ml. Purified murine leukemia-inhibitory factor (106 U/ml),
obtained from AMRAD Corp., Victoria, Australia, was used
at a concentration of 200 U/ml. Purified recombinant granu-
locyte colony-stimulating factor (G-CSF) was a gift from
Amgen and was used at a concentration of 160 ng/ml.
Macrophage colony-stimulating factor (M-CSF) from serum-
free conditioned medium of L929 fibroblasts, concentrated
100-fold by using high-molecular-weight polyethylene glycol
(Serva), or purified M-CSF was used at 100 U/ml. The
cytokines were titrated for differentiation-inducing and
growth-inhibitory activities as described previously (22, 29,
34). Experiments were conducted by using concentrations
which represent the optimum of the linear differentiation
and/or growth inhibition dose-response curves.
The phosphorothioate-capped antisense oligonucleotide

(5'-AsAsACCCGAGAACATCsAsT-3'), targeted against the
first five codons plus two additional bases of c-fos (55), was
used. Control sense (5'-AsTsGATGTTCTCGGGTsTsT-3')
oligodeoxynucleotides are the complementary sense strand
of the antisense oligomers similarly modified. Phospho-
rothioate-capped oligodeoxynucleotides were synthesized
and obtained from the Regional DNA Synthesis Laboratory
Calgary, Alberta, Canada. Lyophilized oligomers were re-
suspended in PBS without Ca2" or Mg2' at 2.5 mM. c-fos

antisense oligomers were added to cells at concentrations
which represent the optimum of dose-response curves, and
cytokines were added 3 h following incubation with oligo-
mers only. All batches of oligomers were tested at the same
concentration with uninduced Ml cells and found to have no
effect on cell growth and viability, determined by trypan blue
dye exclusion and counting in a hemocytometer. Results
shown are representative of at least three independent
experiments, each done in duplicate, using three different
batches of antisense and sense oligomers. Rabbit anti-c-fos
antibodies (689/1) (25) were a kind gift from R. Bravo.
Assays for differentiation-associated properties. Fc and C3

receptors were assayed as previously described (32, 37). Cell
attachment was determined as previously described (32).
Morphological differentiation was determined by counting at
least 300 cells on May-Grunwald-Giemsa-stained cytospin
smears and scoring the proportion of immature blast cells,
cells at intermediate monocyte or granulocyte stages of
differentiation, and mature macrophages or granulocytes
(21, 32, 34).

General recombinant DNA techniques and DNA probes.
Plasmid preparations, restriction enzyme digestions, DNA
fragment preparations, and agarose gel electrophoresis were
carried out as described before (21, 29). The probes forjunB
(MyD21), c-jun (MyD42), junD (MyD63), IRFI (MyD32),
and MyD88 were cDNAs cloned in this laboratory (1, 32-35).
Also, murine ferritin light chain and lysozyme were cloned in
this laboratory from a cDNA library of myeloid-enriched
bone marrow, sequenced by S. Suggs (Amgen), and found to
match the known sequence (5, 21). Probes for c-fos, 0-actin,
and IL-6 were the same as those used previously (29, 33).
The probe forfosB was the 2-kb EcoRI insert ofcDNA clone
AC113-1, kindly provided by Rodrigo Bravo (58), whereas
the probe for firal was the 1.5-kb insert of cDNA clone
pSP65-fral (11), a kind gift of Donna Cohen. DNA for
probes was labeled by random priming to a specific activity
equal to or greater than 109 cpm/,ig (14).

c-fos andjunB expression vectors. pCMV-fos, in which rat
c-fos is under control of the cytomegalovirus (CMV) imme-
diate-early promoter (52), was obtained from Tom Curran.
The junB expression vector (pAcjunB), in which junB is
under control of the ,-actin promoter, was constructed in
this laboratory. Briefly, the 1.2-kb SmaI-XhoI restriction
fragment, containing the entire coding region of a mouse
junB (MyD21) cDNA (34), was cloned into the HindIII site of
pHb APr-1-neo (19), and the sticky ends were filled in with
the Klenow fragment of Escherichia coli DNA polymerase
(Promega).

Stable and transient DNA transfections. Ml cells were
stably transfected by electroporation (Bio-Rad Gene Pulsor).
To obtain Mlfos cell lines, Ml cells were transfected with
both pCMV-fos and pSV2neo (American Type Culture Col-
lection) at a 10:1 ratio. pCMV-fos was linearized at the PvuI
site. pSV2neo, linearized by digestion with EcoRI, was
necessary to select for transfectants by resistance to geneti-
cin (G418). To obtain MljunB cell lines, Ml cells were
transfected with linearized (PvuI) plasmid pAc.junB, harbor-
ing the Neor gene. In either case, a pulse was delivered to a
0.7-ml suspension containing 1.5 x 107 cells and 50 to 55 ,ug
of linearized plasmid DNA. After 48 h, the cells were
subjected to selection in growth medium containing 400 ,ug
of geneticin (G418 sulfate; GIBCO) per ml. Within 4 weeks,
surviving cells were detected. As judged from the frequency
of positive wells, each well contained a clonal population of
transfectants which was maintained in 200 ,ug of drug per ml.
Transient transfection of plasmid AP-1 col/TK-CAT (kindly
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provided by M. Karin (3) into Ml cell lines was performed
by using DEAE-dextran as described elsewhere (4).
RNA extraction, Northern (RNA) blotting, and hybridiza-

tion. RNA was extracted by the method of Chomczynski and
Sacchi (9), using guanidinium thiocyanate. Total RNA (5 ,ug
per lane) was electrophoresed on 1% agarose formaldehyde
gels. Northern blots, using Duralone-UV membranes (Strat-
agene), were prepared and UV cross-linked (Stratalinker;
Stratagene) prior to baking. Filters were prehybridized in
hybridization buffer (50% deionized formamide, 10% dex-
tran sulfate, 1 M NaCl, 1% sodium dodecyl sulfate [SDS]) at
42°C for 2 to 3 h and, following removal of the buffer,
hybridized in additional buffer containing probe (106 cpm/ml)
and 100 ,ug of sheared salmon sperm DNA per ml at 42°C for
12 to 16 h. Northern blots were washed twice (10 min each
time) at room temperature in 2x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-0.1% SDS and twice (30
min each time) at 600C in O.lx SSC-1% SDS and were
exposed to X-ray film at -80°C. Stripping blots of probe to
rehybridize was done as described previously (32). For
quantitation of individual mRNAs, films were exposed for
periods during which band intensity was linear with respect
to time, and relative intensities of hybridization signals were
measured at 560 nm with the gel scan program of a Beckman
DU7 spectrophotometer. To compare fos RNA levels in Ml
with those in normal myeloid cells, autoradiograms were
obtained from blots with the same amount of RNA per lane,
hybridized with the same batch of 32P-labeled fos probe.
RT-PCR. To increase the sensitivity of detection of IL-6

transcripts in Ml cells. Polymerase chain reaction (PCR)
was used on aliquots of RNA as described previously (1).
Briefly, 1 ,ug of total RNA was reverse transcribed with 200
U of murine leukemia virus reverse transcriptase (RT)
(Bethesda Research Laboratories) in 20 ,ul containing 1 mM
deoxynucleosides (dNTPs), 4 mM MgCl2, 10 mM Tris (pH
8.3), 50 mM KCl, 0.001% gelatin, and 0.2 ,ug of oligo(dT) as
the primer. Samples were diluted to 100 ,ul with buffer,
yielding 0.2 mM dNTPs-2 mM MgCl2-10 mM Tris (pH
8.3)-50 mM KCl-0.001% gelatin; 50 pmol of each primer and
1.5 U of Taq DNA polymerase (Perkin-Elmer Cetus) were
added, and samples were covered with mineral oil, heated at
95°C for 5 min, and subjected to 15 or 21 cycles of PCR in a
Perkin-Elmer Thermal Cycler, using 2 min of denaturation at
95°C, 1 min of annealing at 55°C, and 4 min of polymerization
at 72°C. According to the numbering of Chiu et al. (7), the
21-mer primers used spanned positions 388 to 408 and 617 to
597. After extraction with CHC13, 20 ,ul of products was
electrophoresed, blotted, and hybridized with the IL-6 probe
excised from pSP6mifB (32). A DNA with appropriate prim-
ers (Perkin-Elmer Cetus) was used as an internal marker to
monitor for efficiency and reproducibility of PCR amplifica-
tion, and control samples not reverse transcribed were used
to monitor for possible contamination with genomic DNA.
RT-PCR for quantitation of c-fos with a low number of cells
(<106; as in the case of antisense experiments) was per-
formed essentially as indicated above except that RNA was
extracted in the presence of 20 ,ug of E. coli rRNA (Boe-
hringer Mannheim) per ml and subjected to 14 cycles of
amplification. The 24-mer primers used correspond to nucle-
otides 205 to 228 and 645 to 622 for c-fos (rat/mouse) RNAs
(12, 55). In all cases, PCR analysis, as determined empiri-
cally, was within the linear range of PCR cycles for IL-6 or
fos mRNA. For quantitation of PCR products, films were
exposed for periods during which band intensity was linear
with respect to time, and relative intensities of hybridization
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FIG. 1. Expression of c-fos and jun mRNAs during differentia-
tion of normal and Ml leukemic myeloblasts. (A) Analysis of the
expression of c-fos and jun during differentiation of Ml leukemic
myeloblasts compared with differentiation induced in normal my-
eloblast-enriched bone marrow cells, using 10% LUCM. (B) c-fos
andjun expression during IL-6 (100 ng/ml)-induced differentiation of
Ml cells compared with G-CSF (160 ng/ml)-induced granulocytic
and M-CSF (100 U/ml)-induced macrophage differentiation of my-
eloblast-enriched bone marrow cells. Expression was analyzed by
hybridization to Northern blots, using total RNA (5 pLg per lane)
extracted from cells at the indicated times. All autoradiograms gave
similar hybridization signals, comparable to what is shown in panel
A, following hybridization to a ,3-actin probe.

signals were measured at 560 nm with the gel scan program
of a Beckman DU7 spectrophotometer.

RESULTS

fosUun expression upon induction of differentiation of Ml
leukemic myeloblasts compared with normal myeloblasts. We
have shown that LUCM is a potent physiological source of
myelopoietic differentiation inducers, including IL-6 (33,
50), which can be used to induce differentiation of Ml
leukemic myeloblasts as well as normal myeloblast-enriched
bone marrow cells (29). LUCM induces primarily macroph-
age differentiation in Ml cells and both macrophage and
granulocyte differentiation in normal myeloblasts (29). As
shown in Fig. 1A, both jun (c-jun, junB, and junD) and fos
mRNAs were stably expressed during LUCM-induced dif-
ferentiation of normal myeloblasts. Further analysis of nor-
mal myeloid cells showed that fos/jun mRNAs were stably
expressed upon induction of either granulocyte or macro-
phage differentiation, using G-CSF and M-CSF, respectively
(Fig. 1B). In contrast, only jun (c-jun, junB, and junD)
mRNAs were expressed during Ml differentiation induced
by either LUCM or purified IL-6 (Fig. 1). G-CSF and
M-CSF, which do not induce Ml differentiation (29), also did
not induce fos/jun in Ml cells (data not shown).

Establishment and analysis of Mlfos and MljunB cells
constitutively expressing c-fos and junB transgenes. Mlfos
and MljunB cell lines were established via electroporation of
Ml cells with the expression vectors pCMV-fos and
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FIG. 2. Establishment of Mlfos and MljunB cell lines. (A)
Vectors used for transfection. Mlfos cell lines were established by
coelectroporation of Ml cells with pCMV-fos plus pSV2neo.
MljunB cell lines were established by electroporation of Ml cells
with pAc.junB. (B) Analysis of the expression of exogenous c-fos
and junB mRNAs in different Mlfos and MljunB cell lines, respec-

tively. (C) Analysis of c-fos and junB expression in Mlfosl4 and
MljunB9 cell lines, respectively, before and after stimulation for
differentiation with IL-6 (100 ng/ml). The two junB hybridization
bands observed with RNA obtained from MljunB cells following
stimulation with IL-6 represent endogenous (1.8-kb) and exogenous
(1.5-kb)junB transcripts. Expression was analyzed by hybridization
to Northern blots, using total RNA (5 pg per lane) extracted from
cells at the indicated times. (D) Analysis of transactivation of the
AP-1 colVTK promoter in Ml versus Mlfos9 and MljunB14 cell
lines. Transactivation was determined by measuring CAT activity in
cell extracts obtained from the indicated cell lines following trans-
fection with plasmid TRE coLTK-CAT, either untreated (-) or
treated for 24 h with IL-6 (100 ng/ml) (+). TRE colVTK-CAT plasmid
(5 pLg/5 x 106 cells per 5 ml) was cotransfected with plasmid
pMLV-p-gal (2 ,g) to correct for DNA uptake. Relative CAT
activity values represent CAT/,3-galactosidase enzymatic activity
ratios relative to that of TRE coliTK-CAT in Ml cells (=1) and are
averages of at least three independent experiments.

pAc.junB, respectively (Fig. 2A), as described in Materials
and Methods. As shown in Fig. 2B, Mlfos and MljunB cell
lines expressed c-fos and junB mRNAs, respectively,
whereas no expression was observed in parental Ml cells
prior to stimulation with IL-6. Expression of c-fos or junB
was not detected in Ml transfectants obtained by using a
vector carrying the selectable marker only (Mlneo). DNAs
obtained from the transfectants contained c-fos- or junB-
hybridizing fragments characteristic of the transfecting vec-
tors (data not shown). Following induction of differentiation
with IL-6, expression of c-fos in Mlfosl4 was maintained at
similar levels at early as well as at late times, whereas
expression of exogenous junB RNA (under control of the
,-actin promoter) in MljunB9 increased slightly (Fig. 2C).
Similar results were obtained with other Mlfos and MljunB
cell lines. It should be pointed out that only Mlfos cell lines
expressing lower levels offos than did normal cells could be

established, even when an expression vector containing the
strong ,B-actin promoter was used; 8- to 12-fold-lower levels
of fos RNA (quantitated by densitometry) and much lower
levels of fos protein (assessed by indirect immunofluores-
cence [42]) were observed in Mlfos cells than in terminally
differentiated normal myeloid cells (e.g., granulocytes and
macrophages).

It was demonstrated that c-fos greatly enhances binding of
the different jun proteins to the tetradecanoyl phorbol ace-
tate-responsive element (TRE) (AP-1) consensus sequences
(41, 46) and enhances transactivation compared with jun
only (40). Also, it was shown that TRE-containing promoters
are largely unresponsive tojunB and can be activated by the
other juns and that junB inhibits transactivation of TRE
promoters (8, 40). Thus, transactivation of the TRE col/TK
promoter (with the thymidine kinase [TK] promoter fused to
a synthetic consensus TRE sequence [3]) was used to
ascertain the functionality of the c-fos and junB transgenes.
This was done by measuring chloramphenicol acetyltrans-
ferase (CAT) activity following transient transfection of
plasmid TRE colFIK-CAT into Ml, MljunB and Mlfos cell
lines. As shown in Fig. 2D, transactivation of the TRE
col/TK promoter was relatively low in untreated Ml cells
and slightly higher following stimulation with optimal con-
centrations (100 ng/ml) of IL-6. Transactivation of the TRE
col/T1K promoter was lower in MljunB cells than in Ml cells,
both untreated and following stimulation with IL-6, which is
consistent with a functional junB transgene. Apparently, in
unstimulated MljunB cells, the protein product of the junB
transgene can compete with proteins from endogenous jun
genes, which are expressed at low basal levels (notably
junD; Fig. 1) for binding to the TRE site, resulting in
repression of TRE transactivation relative to Ml; similarly,
following stimulation of MljunB cells with IL-6, the protein
product of the junB transgene, in addition to endogenous
junB, can bind to and titrate out TRE sites, accounting for
the failure to significantly increase TRE transactivation. In
contrast, the TRE colFIK promoter was highly transacti-
vated in untreated Mlfos cells, indicative of the presence of
a functional c-fos transgene, and further increased following
stimulation of the cells with IL-6. The differential activation
of the TRE col/TK promoter in MljunB9 and Mlfosl4 cells
compared with Ml cells, as shown in Fig. 2D, also was
observed with two other MljunB (11, 27) and Mlfos (22, 24)
cell lines and not with three different Mlneo control cell
lines. Taken together, the results of these experiments
unequivocally demonstrate the presence of functional pro-
tein products of the junB and fos transgenes in MljunB and
Mlfos cells lines, respectively.

Effects of constitutive expression of c-fos orjunB on growth
and differentiation characteristics of Ml leukemic myelo-
blasts. Having the Mlfos and MljunB cell lines allowed us to
ascertain the effects that constitutive expression of c-fos or
junB have on growth and differentiation of Ml myeloid
leukemia cells. Detailed results are presented for Mlfosl4
and MljunB9 and compared with results for the parental Ml
cell line. Three control Ml transfectants (Mlneo) displayed
growth and differentiation characteristics that were essen-
tially indistinguishable from those obtained with Ml,
whereas the growth and differentiation characteristics of two
other Mlfos (22, 24) and MljunB (11, 27) cell lines (Fig. 2B)
were essentially the same as described below for Mlfosl4
and MljunB9 cell lines, respectively.
As shown in Fig. 3A, constitutive expression of c-fos and

to a lesser extentjunB had a dramatic effect on growth arrest
associated with Ml terminal differentiation induced by IL-6.
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FIG. 3. ( IL-6 dose response of the growth inhibition of Mlfosl4
and MljunB9 cell lines compared with Ml cells. Cells were seeded
at 0.15 x 106/ml, and cell number was determined after 3 days.
Results are presented as percentage of untreated Ml cells (%
control). Note that low IL-6 concentrations (sl ng/ml) were ob-
served to stimulate proliferation of Ml cells. (B) Growth kinetics of
Mlfosl4 and MljunB9 cell lines compared with Ml cells in the
absence (untreated) or presence of a low (1 ng/ml) or optimal (100
ng/ml) concentration of IL-6.

The growth of Mlfos cells was markedly inhibited with
concentrations of IL-6 as low as 1 ng/ml. In contrast, this
concentration of IL-6 did not inhibit, and even enhanced,
proliferation of Ml cells and marginally decreased prolifer-
ation of MljunB. Growth kinetics of Ml, MljunB, and Mlfos
cell lines in the absence and presence of low or high
concentrations of IL-6 are shown in Fig. 3B. It can be seen
that untreated MljunB cells proliferated at a rate similar to
that of parental Ml cells, whereas proliferation of Mlfos
cells was somewhat slower. The growth kinetics corroborate
the results of the dose-response curves of Fig. 3A and
demonstrate that IL-6 at 1 ng/ml enhanced proliferation of
Ml cells, marginally affected proliferation of MljunB cells,
and completely inhibited proliferation of Mlfos cells (Fig.
3B). Proliferation of all of these cell lines was inhibited,
however, by IL-6 at 100 ng/ml (Fig. 3A and B), the optimal
concentration for Mi-induced differentiation. Consistent
with the proliferative capabilities of the cells in mass culture,

TABLE 1. Growth and differentiation characteristics of Ml,
M1junB9, and Mlfosl4 cells

Cells and concn Colo- Fc C3 Cell type (%)b
(ng/ml) of IL-6 nies in recep- receT-

added agala ~~torsb torsadded agar' (%) (%) Blast Intermediate Mature

M1D+ 347 2.1 1.3 >99 <1 0
1 423 23 38 97 3 0
100 6 82 75 10 58 32

MljunB 320 5.1 3.3 >99 <1 0
1 298 29 41 93 7 <1
100 0 78 77 6 48 46

Mifos 234 14 16 98 2 0
1 11 63 68 3 45 52
100 0 87 80 1 21 78

a Colonies in soft agar were counted 14 days after seeding of 500 cells in
5-cm-diameter dishes. Numbers represent the mean of three independent
determinations with standard deviations of up to ±20%.

b Determined 4 days after the cells were seeded in liquid culture (0.1 x
106/ml). Values represent the mean of three independent determinations with
standard deviations of up to ±15% (e.g., 2.1% = 2.1% ± 0.3%).

at 1 ng of IL-6 per ml, the relative cloning efficiency of Ml
cells in soft agar was enhanced, whereas the cloning effi-
ciency of Mlfos cells decreased dramatically; colony forma-
tion of all of these Ml cells was inhibited by 100 ng of IL-6
per ml (Table 1 and Fig. 4A).

Furthermore, it was observed that in the absence of IL-6,
a significant number (-25%) of the colonies formed by
Mlfos cells displayed a diffuse morphology at 7 days (Fig.
4B), characteristic of colonies with differentiated myeloid
cells (31); the majority of these colonies degenerated by 14
days. No diffuse colonies were observed with Ml or MljunB
cells. Also, the majority of the Mlfos colonies formed after
7 days in the presence of 1 ng of IL-6 per ml displayed a
diffuse morphology, whereas no such colonies were ob-
served with Ml or MljunB cells. These observation indicate
that a proportion of the Mlfos cells have the propensity to
spontaneously undergo terminal differentiation, unlike Ml
and MljunB cells, and that Mlfos cells are more susceptible
than Ml and MljunB cells to be induced by IL-6 for terminal
differentiation.

Analysis of the morphological characteristics of MljunB
and Mlfos cells in mass culture showed that in the absence
of IL-6, the majority of the MljunB and Mlfos cells grew in
aggregates, in contrast to Ml cells, which grew as single cells
in suspension (Fig. 5A). In the case of Mlfos, the majority of
these cell aggregates attached to the surface of the tissue
culture plate. It should be pointed out that aggregation is an
early differentiation-associated characteristic of Ml cells
(34). It also was observed that Mlfos cells were induced for
macrophage differentiation associated with attachment of
the cells to the surface of the tissue culture plate with 1 ng of
IL-6 per ml, which did not induce macrophage differentiation
and cell attachment of Ml or MljunB cells (Table 1 and Fig.
5A and B). This result is consistent with the colony mor-
phology seen in Fig. 4B.
Fc and C3 receptors are early myeloid differentiation

markers that start to appear at about 6 h, following induction
of differentiation of Ml cells and continue to increase (Fig.
6). As shown in Table 1 and Fig. 6, only very few (<2.1%)
Ml cells display Fc and C3 receptors prior to stimulation for
differentiation with IL-6. The number of MljunB cells which
displayed Fc and C3 receptors was only slightly higher than
what was observed for Ml cells, whereas a significant
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FIG. 4. Photographs and photomicrographs of Ml and Mlfosl4
colonies in soft agar. (A) Cells were seeded (500 cells per 5-cm-
diameter dish) without or with IL-6 (1 ng/ml), and photographs were
taken following 14 days. (B) Photomicrographs (magnification, x 80)
of Ml and Mlfos colonies 7 days after the cells were seeded in soft
agar without or with IL-6.

increase was observed with Mlfos cells (216%). It was also
observed that at low concentrations of IL-6 (1 ng/ml), the
number of Mlfos cells which displayed Fc and C3 receptors
was significantly higher than the number of Ml and MljunB
cells (Table 1). The optimal concentration of IL-6 (100 ng/ml)
induced similar high numbers of cells displaying Fc and C3
receptors in all three cell lines following 3 days (Table 1);
however, the kinetics of induction of Fc and C3 receptors
was accelerated in MljunB and Mlfos cells compared with
Ml cells (Fig. 6).
Taken together, these observations indicate that Mlfos

cells and to a lesser extent MljunB cells spontaneously
display certain myeloid differentiation-associated character-
istics and that Mlfos cells are much more susceptible than
Ml cells to induction for terminal differentiation.

Effects of constitutive expression of c-fos orjunB on imme-
diate-early and late genetic markers of Ml myeloid differen-
tiation. To further characterize the effects that constitutive
expression of c-fos and junB have on the myeloid differen-
tiation program, we examined the expression of several
myeloid differentiation immediate-early response (MyD)
genes, which are induced within 30 min in the absence of de
novo protein synthesis following stimulation of Ml cells for
terminal differentiation (34). Five genes were selected: junB
(MyD21 [34]), c-jun (MyD42 [32]), junD (MyD63 [33]), IRFJ

FIG. 5. Morphological characteristics of MljunB9 and Mlfosl4
cells compared with Ml cells in mass culture. (A) Photomicrographs
(magnification, x90) of Ml, MljunB, and Mlfos cells in culture
without (untreated) or with IL-6 for 4 days. Photomicrographs of
cells with IL-6 were taken after the tissue culture plates were rinsed
three times with Dulbecco's modified Eagle's medium; thus, only
cells which remained attached to the surface of the tissue culture
plate are shown. (B) Photomicrographs (magnification, x300) of
May-Grunwald-Giemsa-stained cytospin smears of Ml, MljunB,
and Mlfos cells following 4 days of treatment with IL-6 (1 ng/ml).
Blasts are characterized by scant cytoplasm and round or oval
nuclei; mature cells have large amounts of cytoplasm, irregularly
shaped nuclei, and vacuoles.

(MyD32 [1]), and MyD88, a novel MyD gene whose se-
quence has been reported recently (35). We have also looked
at the effects of constitutive expression of c-fos or junB on
two late genetic markers associated with Ml myeloid differ-
entiation, namely, the ferritin light chain and lysozyme (21,
26).
As shown in Fig. 7A, stimulation of Ml cells with a low

concentration of IL-6 (1 ng/ml) stably induced c-jun and
junD mRNAs, although induction of c-jun mRNA was lower
than what was observed with the optimal concentration (100
ng/ml) of IL-6. However, junB, IRFI, and MyD88 mRNAs
were only transiently induced, unlike the stable induction
observed following stimulation with 100 ng of IL-6 per ml. In
contrast, stimulation of Mlfos cells with 1 ng of IL-6 per ml
was sufficient to muster stable induction of all MyD gene

0
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-- M1

40 A
I0

10 .20 - r 5
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30
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---* Ml
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FIG. 6. Kinetics of induction of Fc and C3 receptors in Ml,
M1junB9, and Mlfosl4 cell lines following stimulation with IL-6.
Cells were seeded at 0.15 x 106/ml, and the percentage of cells with
Fc and C3 receptors was determined at the indicated times following
stimulation with IL-6 (1OOng/ml).
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c-jun
junD
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Ferri
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Ml Mlfos Ml MIlfos
0 26h Id 3d 0 2 6h ld 3d 2h 3d 2 3d
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O ld 3d o ld 3d 0 ld 3d
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FIG. 7. Analysis of expression of immediate-early (A) and late
(B) genetic markers before and after stimulation of Ml, Mlfosl4,
and MljunB9 cells with IL-6. Expression was analyzed by hybrid-
ization to Northern blots, using total RNA (5 Ag per lane) extracted
from cells at the indicated times. All autoradiograns gave similar
hybridization signals, comparable to what was shown in Fig. 1A,
following hybridization to a 3-actin probe.

mRNAs, including junB, IRFI, and MyD88. In addition,
unlike in Ml cells, in Mlfos cells, junB, c-jun, and IRFI
mRNAs were expressed at low basal levels. No difference in
the expression ofMyD genes was observed in MljunB cells
compared with Ml cells before or after stimulation with a
low concentration of IL-6 (data not shown). At 100 ng of
IL-6 per ml, no difference in MyD gene expression was
detectable between Ml and Mlfos.
As shown in Fig. 7B, in Ml cells, ferritin light-chain

mRNA was induced following 1 day of stimulation with
either 1 or 100 ng of IL-6 per ml; however, stable expression
was observed only at the optimal IL-6 concentration (100
ng/ml). Induction of lyzozyme mRNA in Ml cells was
observed 3 days following stimulation of the cells with 100 ng
of IL-6 per ml, and no induction was detected with 1 ng/ml.
In contrast, Mlfos cells constitutively expressed high levels
of both ferritin light-chain and lysozyme mRNAs, and fer-
ritin transcript levels were further increased following stim-
ulation with IL-6. Interestingly, in the case of lysozyme
expression, it was observed reproducibly that in Mlfos cells,
the level of mRNA increased following stimulation with 1

but not 100 ng of IL-6 per ml (Fig. 7B); an analogous
observation may be that the level of lysozyme mRNA was
much lower following stimulation of Ml cells with supraop-
timal concentrations (2500 ng/ml) of IL-6 compared with
stimulation with the optimal concentration (100 ng/ml) (data
not shown). Again, in MljunB cells, expression of these late
genetic markers did not vary significantly compared with
what was observed in Ml cells, except that induction of
lysozyme mRNA was higher in MljunB cells than in Ml cells
following treatment with IL-6 at 100 ng/ml (Fig. 7B).

Effects of antisense c-fos oligomers on the differentiation of
normal myeloblasts and Mlfos leukemic myeloblasts. Expres-
sion of c-fos was observed to be induced upon induction of

macrophage or granulocyte differentiation in normal bone
marrow-derived myeloblasts (Fig. 1B). It was also observed
that constitutive expression of c-fos in Ml leukemic myelo-
blasts dramatically increased the propensity of the cells to be
induced for terminal differentiation by IL-6.
To further assess the role of c-fos in myeloid cell devel-

opment, we examined the effects of c-fos antisense oligode-
oxynucleotides (oligomers) in the culture medium on the
differentiation of normal and the Mlfos leukemic myelo-
blasts.
As shown in Fig. 8A and C, stimulation of myeloblast-

enriched bone marrow cells with M-CSF or G-CSF, in the
presence of control sense oligomers, resulted in differentia-
tion of the majority of the cells into macrophages or granu-
locytes, respectively, similar to what was observed in the
absence of oligomers (not shown). In contrast, in the pres-
ence of c-fos antisense oligomers, the number of mature
macrophages or granulocytes was significantly reduced, and
the number of myeloblasts was significantly increased.

Similar experiments with Mlfos cells have shown (Fig.
8A) that in the absence of IL-6, neither sense nor antisense
c-fos oligomers had a marked effect on the growth and
differentiation properties of the cells, except that prolifera-
tion of Mlfos cells treated with antisense oligomers ap-
peared, reproducibly, to be slightly enhanced compared with
their proliferation in the presence (or absence) of c-fos sense
oligomers (Fig. 8A). However, the ability of the Mlfos cells
to be induced for differentiation with a low concentration of
IL-6 was observed to be markedly impaired in the presence
of c-fos antisense oligomers compared with sense oligomers,
as evident from the lower number of mature macrophage-
like cells and concomitant increase in the number of myelo-
blasts (Fig. 8A). Neither c-fos sense nor antisense oligomers
had any effect on the proliferation or differentiation of Ml
cells (data not shown). As shown in Fig. 8B, treatment of
bone marrow or Mlfos myeloblasts with c-fos antisense, but
not sense, oligomers (at the same concentration that was
used in the experiments described above) also reduced c-fos
RNA.
Taken together, these observations provide further evi-

dence for the important role that proto-oncogenes of the
fos/jun family play in myeloid cell development (keeping in
mind thatfos must dimerize withjun to constitute functional
transcription factors [44, 56]) and further substantiate the
notion of the role that enforced expression of a c-fos
transgene in Ml cells plays in increasing the propensity of
these leukemic myeloblasts to be induced for differentiation
by IL-6.

Constitutive expression of c-fos decreases the leukemogenic-
ity of Ml cells. Ml cells are leukemogenic when injected into
syngeneic (SL) or nude mice, and their leukemogenicity is
lost following induction of differentiation in vitro or in vivo
(47, 49). Thus, it is important to understand the relationship
between an increase in the propensity of Mlfos cells to be
induced for differentiation in vitro and their leukemogenicity
in vivo.
As shown in Fig. 9, all nude mice that were intravenously

injected with 104 Ml cells died within 10 weeks, whereas
only half of the nude mice injected with the same number of
Mlfos cells died within this time period. The surviving mice
showed no sign of leukemogenicity, characterized by mas-
sive weight loss and lethargic behavior. Also, no myeloid
leukemic cells were recovered from bone marrow obtained
from two mice of this group, as determined by growth
autonomy and growth and differentiation characteristics
(49). In contrast, myeloid leukemic cells were recovered
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FIG. 9. Leukemogenicity of Ml and Mlfosl4 cells in nude mice.
For each cell type, 12 nude mice were intravenously (tail) injected
with 104 cells. Mice that survived following 10 weeks were asymp-
tomatic.
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FIG. 8. Effect of c-fos antisense oligodeoxynucleotides in the
culture medium on differentiation of normal and Mlfos myeloblasts.
(A) Growth and differentiation characteristics of myeloblast-enriched
bone marrow cells and Mlfosl4 cells seeded in the presence of sense
or antisense c-fos phosphorothioate-capped oligomers (20 bases in
length) corresponding to the first five codons plus two additional
bases of murine c-fos mRNA. (B) Effects of antisense c-fos oligomers
on c-fos RNA in normal and Mlfos myeloblasts (C) Photomicro-
graphs (magnification, x 200) of myeloblast-enriched bone marrow
cells 3 days following stimulation with M-CSF in the presence of
sense or antisense c-fos phosphorothioate-capped oligomers. Myelo-
blast-enriched bone marrow cells (2.5 x 105/ml) were seeded in the
presence of 30 F.M sense or antisense c-fos oligomers, and M-CSF
(100 U) or G-CSF (160 ng/ml was added to the culture medium
following 3 h of incubation with oligomers only. Cell number and cells
type were determined after 3 days. Mlfos cells (1.5 x 105/ml) were
seeded in the presence of 70 ,uM oligomers, without or with IL-6, as
indicated above, and cell number and type were determined after 4
days. Values represent means of three independent determinations,
with standard deviations of up to +15% (e.g., for values expressed in
percentage, 63% = 63% + 9%). Randomized oligomers, used at the
same concentration as sense oligomers, gave results similar to those
shown with c-fos sense oligomers. Neither sense nor antisense c-fos
oligomers had an effect on the differentiation of Ml cells. To analyze
for c-fos RNA levels, RNA was extracted from 0.5 x 106 myeloblast-
enriched bone marrow or Mlfos cells following 24 h of incubation in
the presence of M-CSF, G-CSF, or IL-6, in medium without oligo-
mers (-) or supplemented with sense (S) or antisense (AS) c-fos
oligomers, at concentrations as indicated above. RNA was extracted
in the presence of E. coli rRNA, one-fifth of the RNA was used for
RT-PCR with c-fos primers as described in Materials and Methods,
and one-fifth of the products were electrophoresed. Control samples
not reverse transcribed gave no evidence of PCR products, and PCR
with mouse P-actin amplimers (Clontech) has shown similar PCR
amplification for the different RNA samples.

from bone marrow obtained from two nude mice 5 weeks
following injection with the same number of Ml cells. In
another experiment, nude mice were intravenously injected
with 2 x 106 Ml or Mlfos cells that were treated for 5 days
with 3 ng of IL-6 per ml; all 10 nude mice injected with
IL-6-treated Ml cells died within 6 weeks, whereas none of
the 10 mice injected with IL-6-treated Mlfos cells died, or
showed signs of disease, within this time period. Thus,
constitutive expression of c-fos, which was observed to
increase the propensity of Ml cells to be induced for
terminal differentiation in vitro, also decreased leukemoge-
nicity of the cells in vivo.

Effect of constitutive expression of c-fos on IL-6 expression
in Ml cells. Multiple cytokine- and second-messenger-re-
sponsive elements have been located within the 5' regulatory
region of the IL-6 gene, including AP-1 binding sites that are
recognized by AP-1 transcription factor complexes encoded
by proto-oncogenes of the fos/jun family (45, 53). These
observations have raised the possibility that some of the
distinct characteristics of Mlfos cells may reflect endoge-
nous synthesis of IL-6 due to expression of the c-fos
transgene. To test this possibility, we have used quantitative
PCR (1) to determine endogenous IL-6 mRNA levels in
Mlfos compared with Ml cells before and after stimulation
for differentiation.
As shown in Fig. 10, endogenous IL-6 mRNA was de-

tected in untreated Mlfos cells but not in Ml cells. Follow-
ing stimulation with exogenous IL-6, endogenous IL-6
mRNA increased to a higher level in Mlfos cells than in Ml

1 00 ngJml IL6

M I Mlfos

O 2 6h ld 3d 0 D hild 3d

21 cycles

Ose 6hld 3d 0 a 6h1d 3d

15 cycles -s _

1 ngiml IL6
Ml Mlfos

n D 6h ld 3d 0 al 6h ld 3d

FIG. 10. Quantitation of endogenous IL-6 transcripts in Ml and
Mlfosl4 cells by RT-PCR. RT-PCR was used with 1-pg aliquots of
total RNA as described in Materials and Methods, and one-fifth of
the products were electrophoresed. Control samples not reverse
transcribed gave no evidence of PCR product, and PCR with mouse
,3-actin amplimers (Clontech) has shown that PCR amplification was
the same for the different RNA aliquots. PCR analysis was within
the linear range of PCR cycles for IL-6 mRNA.
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cells, most notably following stimulation with a low concen-
tration of IL-6 (1 ng/ml). Additional experiments, conducted
to further test the relationship between endogenous IL-6
synthesis and the growth and differentiation characteristics
of Mlfos cells, have shown, however, that although endog-
enous IL-6 levels in Mlfos cells stimulated with 1 ng of IL-6
per ml were lower than in Ml cells stimulated with 10 ng of
IL-6 per ml, growth inhibition and differentiation of the
Mlfos cells was still more pronounced than that observed
with the Ml cells (data not shown). No difference in IL-6
synthesis, before or after stimulation for differentiation, was
observed between MljunB and Ml cells.
Thus, constitutive endogenous synthesis of IL-6 and

higher inducibility of the IL-6 gene in Mlfos cells, presum-
ably due to constitutive expression of the c-fos transgene,
may account for some of the distinct characteristics of the
Mlfos cell lines.

DISCUSSION

As shown in this work, the expression offos and juns was
induced during differentiation of normal myeloid precursor
cells, whereas only juns were induced during differentiation
of Ml leukemic myeloblasts. The stable expression of fos
and juns during myeloid differentiation (this work; 18, 29) is
in contrast to their transient expression following serum
stimulation of quiescent fibroblasts (27, 28), thereby suggest-
ing that they may play a role in the initiation, progression,
and maintenance of the differentiation program. We would
like to point out that expression of the RNA of neitherfosB
(58) nor fral (11), two fos-related genes, was detectable in
the Ml cells used in this study or in myeloid-enriched bone
marrow cells. More recently, the isolation of a third distinct
fos-related gene, termed fra2 (38), has been documented.
Whether the product of this gene plays a role in myeloid
differentiation remains to be determined.
Mlfos cells, which constitutively express a c-fos trans-

gene, were shown to have a dramatically greater propensity
to be induced for terminal differentiation by IL-6 than did Ml
cells, which do not express fos during differentiation. Low
levels of IL-6 were sufficient to muster stable induction of a
set of immediate-early MyD genes in Mlfos but not in Ml
cells, includingMyD genes regulated at the transcriptional or
posttranscriptional levels (33). Also, Mlfos cells constitu-
tively express genetic markers of Mi-induced differentia-
tion, including the immediate-early genetic markers c-jun,
junB, and IRFI, the early marker IL-6, and the late genetic
markers ferritin and lysozyme. The differentiation of normal
myeloblasts in vitro into mature macrophages or granulo-
cytes, as well as the increased propensity of Mlfos leukemic
myeloblasts to be induced for terminal differentiation, was
dramatically impaired via the use of c-fos antisense oligo-
mers in the culture media. Finally, Mlfos cells were shown
to display a less aggressive leukemic phenotype than did the
parental Ml cells when injected into nude mice.
Taken together, these observations clearly provide the

first evidence of an important role for proto-oncogenes of the
fos/jun family of transcription factors, notably c-fos, in the
control of hematopoietic cell differentiation. To what extent
all of these characteristics of the Mlfos cells reflect either
the direct function of fos/jun transcription factors or an
indirect function, further down the ladder of the fos/jun
regulatory cascade, remains to be determined.
The ability of the Ml leukemic myeloblasts to be induced

for terminal differentiation in the absence of apparent fos
expression indicates that there is some redundancy among

the fos/jun family of transcription factors in promoting
myeloid differentiation; however, the juns alone cannot
completely compensate for the lack of fos. Thus, genetic
lesions affecting fos/jun expression may play a role in the
development of "preleukemic" myelodysplastic syndromes
and their further progression to leukemias.

Recently, by using a transgenic mouse line containing a
fos-lacZ fusion gene, high constitutive levels of fos-lacZ
were observed in skin, hair follicle, and bone, suggesting
that constitutive expression of c-fos is associated with ter-
minal differentiation of other cell types as well (51). Involve-
ment of other leucine zipper transcription factors, e.g.,
transcription factors of the C/EBP family, in terminal differ-
entiation of adipocytes has been demonstrated recently (54).
By using this cellular system, it also was shown that consti-
tutive expression of c-myc prohibited the induction of
C/EBPa and prevented adipogenesis and that enforced ex-
pression of C/EBPa overcame the myc-induced block of
adipocyte differentiation (17).

Clearly, further genetic manipulation of Ml cells as well as
Mlmyc and Mlmyb cells, recently established in our labo-
ratory, in which the genetic program of myeloid maturation
has been disrupted at distinct developmental stages (21, 49),
will be carried out. This analysis will be instrumental in
determining the molecular nature and functions of different
hetero- and homodimer transcription factor complexes of the
fos/jun family in the initiation, progression, and maintenance
of the normal myeloid differentiation program and the type
of lesions that may afflict the function of these genes,
thereby playing a role in leukemogenesis and its progression.
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