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mcl-1, a bcl-2 family member, was originally identified as an early gene induced during differentiation of
ML-1 myeloid leukemia cells. In the present study, we demonstrate that Mcl-1 is tightly regulated by the
granulocyte-macrophage colony-stimulating factor (GM-CSF) signaling pathway. Upon deprivation of survival
factor from TF-1 myeloid progenitor cells, Mcl-1 levels quickly dropped prior to visible detection of apoptosis
of these cells. Upon restimulation of these deprived cells with GM-CSF, the mcl-1 mRNA was immediately
induced and its protein product was accordingly resynthesized. Analysis with Ba/F3 cells expressing various
truncation mutants of the GM-CSF receptor revealed that the membrane distal region between amino acids
573 and 755 of the receptor b chain was required for mcl-1 induction. Transient-transfection assays with
luciferase reporter genes driven by various regions of the mcl-1 promoter demonstrated that the upstream
sequence between 2197 and 269 is responsible for cytokine activation of the mcl-1 gene. Overexpression of
mcl-1 delayed but did not completely prevent apoptosis of cells triggered by cytokine withdrawal. Its down
regulation by antisense constructs overcame, at least partially, the survival activity of GM-CSF and induced
the apoptosis of TF-1 cells. Taken together, these results suggest that mcl-1 is an immediate-early gene
activated by the cytokine receptor signaling pathway and is one component of the GM-CSF viability response.

Cytokines belong to a family of growth factors that play an
important role in regulating the viability, differentiation, pro-
liferation, and function of various hematopoietic cells (2).
They function by binding to their cognate receptors and trig-
gering a cascade of tyrosine phosphorylation of both various
known intracellular signaling proteins and the STAT (signal
transducers and activators of transcription) family of transcrip-
tion factors (references 12 and 28 and references therein). In
the absence of these cytokines, the majority of their dependent
cells die, at least in culture, by apoptosis (51), which is one
form of cellular suicide that occurs widely during animal de-
velopment, tissue homeostasis, and various disease processes
(references 36, 45, 46, and 50 and references therein). Apo-
ptosis is characterized by distinct morphological changes in-
cluding cellular shrinkage, blebbing of the plasma membrane,
nuclear condensation, and endonucleolytic cleavage of the
genomic DNA into nucleosome-length fragments (51).

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) and interleukin-3 (IL-3) are two hematopoietic cytokines
produced by activated T cells and mast cells that are potent
growth factors for multipotential hematopoietic progenitors as
well as various other hematopoietic cells (2). These two cyto-
kines, by binding to their receptors (composed of one cytokine-
specific a subunit and one common b subunit also shared with

the IL-5 receptor), generate both mitogenic and anti-apoptotic
signals. By deletion analysis, GM-CSF has been shown to ac-
tivate multiple sets of signaling events through distinct cyto-
plasmic domains of the receptor b subunit (39, 40). While the
membrane-proximal domain mediates the induction of c-Myc
and is important for cells to progress into the S phase, the
distal cytoplasmic domain is essential for the activation of the
Ras-Raf-mitogen-activated protein (MAP) kinase pathway
(40). The latter pathway is believed to be important for the
anti-apoptotic activity of GM-CSF in hematopoietic cells (16).
However, the exact signaling molecules involved in this path-
way still remain unclear.

Mcl-1, isolated from the differentiating human myeloid leu-
kemia cell line (19), has sequence similarity to Bcl-2 family
members (18, 37, 47). Substantial studies have shown that
overexpression of some members of this family, such as Bcl-2,
Bcl-xL, and A1, can inhibit apoptosis induced by various stimuli
(3, 8, 24, 32, 43, 44, 48). Other members, such as Bax, Bad, and
Bak, can actually accelerate apoptosis in cells deprived of sur-
vival factors (4, 7, 15, 33, 53). Mcl-1 belongs to the former
category of the Bcl-2 family, since overproduction of this pro-
tein can delay apoptosis induced by various inducers such as
c-Myc overexpression, growth factor withdrawal, and other
cytotoxic agents (38, 58). Like other members of this family,
Mcl-1 also contains two highly conserved regions designated
the BH1 and BH2 domains, which have been shown to be
required for the anti-apoptotic function of Bcl-2 and for het-
erodimerization with Bax (56). Unlike Bcl-2, Mcl-1 contains a
PEST sequence (19), which probably presents itself as a labile
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protein with an estimated half-life of 1 to 3 h (54). Other than
being the product of an early gene activated during tetrade-
canoyl phorbol acetate TPA-induced differentiation of human
myeloid leukemia cells (54), the physiological function of
Mcl-1 is still unknown. In this study, we show that Mcl-1 in
GM-CSF-dependent TF-1 human myeloid progenitor cells is
rapidly turned over upon depletion of survival factors from
these cells, and that it can be immediately reinduced upon the
addition of GM-CSF. Induction of Mcl-1 expression requires
the membrane-distal region of the receptor b chain. We fur-
ther provide evidence that down-regulation of endogenous
Mcl-1 in TF-1 cells can overcome, at least partially, the survival
activity of GM-CSF and induce apoptosis of these cells. The
possible role of Mcl-1 in the GM-CSF signaling pathway is
discussed.

MATERIALS AND METHODS

Cell culture. TF-1 cells (17) and their derivatives were maintained in RPMI
1640 supplemented with 10% fetal bovine serum (FBS), 50 mM b-mercaptoetha-
nol, 2 mM L-glutamine, 100 U of penicillin G per ml, 100 mg of streptomycin per
ml, and 1 ng of GM-CSF per ml. Human GM-CSF (hGM-CSF) was kindly
provided by Schering-Plough Ltd. For GM-CSF depletion experiments, TF-1
cells were washed three times in medium without cytokine and seeded in RPMI
1640 supplemented with 0.5% FBS, 2 mM L-glutamine, and 50 mM b-mercap-
toethanol. During restimulation experiments, only GM-CSF (10 ng/ml) was
added back to the cells that had been previously deprived of cytokine and placed
in low-serum medium. TF/Bcl-2 and TF/neo are two TF-1 derivatives overex-
pressing Bcl-2 and Neo control, respectively. They were generated by infection
with a recombinant retroviral vector carrying bcl-2 cDNA or the wild-type vector
alone (pBabeneo [29]). These were used as a pooled mixture. Mcl10-1 and
Mcl10-2 are two TF-1 lines overexpressing human Mcl-1 under the Tet-off
system and were generated as specified by the manufacturer (Clontech, Palo
Alto, Calif.). TFtD1 is a control TF-1 cell line expressing tetracycline-responsive
transcriptional activator (tTA) alone for this inducible system. Murine IL-3
(mIL-3)-dependent pro-B (BaF/3) cells expressing the human GM-CSF receptor
a chain alone or in combination with the wild-type or c-terminally truncated
receptor b chain were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% conditioned medium from WEHI 3B as a source of IL-3.

DNA fragmentation assay. One million cells were collected after incubation in
the desired medium for 24 h and analyzed as previously described (55). Briefly,
cell pellets were resuspended in 50 ml of the lysis buffer (50 mM Tris-HCl [pH
8.0], 10 mM EDTA, 0.5% Sarkosyl, 500 mg of proteinase K per ml) and incu-
bated at 50°C for 3 h. A 10-ml volume of RNase A (2 mg/ml) was added to the
lysates, and the tubes were incubated for an additional 1 h. This lysate was mixed
well with 1 ml of ethidium bromide (20 mg/ml), extracted once with an equal
volume of phenol-chloroform (1:1), and stored at 4°C after the addition of 20 ml
of 1% low-melting-point agarose solution containing 10 mM EDTA (pH 8.0).
The samples were melted at 70°C and allowed to solidify inside the well before
electrophoresis was initiated.

Immunoblotting. Cells to be analyzed were lysed in RIPA buffer containing 10
mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.1%
sodium dodecyl sulfate (SDS), and 1% deoxycholate. Cell extracts (50-mg por-
tions) were resolved on an SDS-containing 12% polyacrylamide gel, transferred
to polyvinylidene difluoride nylon membranes (Millipore, Bedford, Mass.), and
probed with antibodies specific to Bcl-2, Mcl-1, and Bax (all purchased from
Santa Crutz Biotechnology, Santa Crutz, Calif.) or a-tubulin (Amersham, Little
Chalfont, England). The membrane was then probed with horseradish peroxi-
dase-conjugated goat anti-mouse or goat anti-rabbit antibody. The specific bands
were visualized with an enhanced chemiluminescence Western blot system (Am-
ersham).

Northern blotting. Total RNA was isolated from cultured cells by a previously
described method (25). A 20-mg portion of total RNA was resolved on a 1%
formaldehyde–agarose gel and blotted onto a nitrocellulose filter by the standard
procedure. The blot was then probed sequentially with various [a-32P]dCTP-
labeled DNA fragments by the random-priming method. After overnight hybrid-
ization at 42°C with standard buffer containing 50% formamide, the blot was
washed once in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–
0.1% SDS and twice in 0.23 SSC–0.1% SDS at 55°C and subjected to either
autoradiography or direct quantitation with a PhosphorImager (Molecular Dy-
namics).

Determination of the Mcl-1 half-life. To measure the half-life (t1/2) of Mcl-1 in
cells containing GM-CSF, 107 TF-1 cells in the rapidly growing phase were
precultured for 30 min in 3 ml of methionine-free medium supplemented with
0.5% dialyzed FBS and 10 ng of GM-CSF per ml to deplete endogenous methi-
onine. Pulse-labeling was initiated by adding 1 mCi of [35S]Met (Amersham; 10
mCi/ml, .1,000Ci/mmol). After 15 min at 37°C, the cells were chased in growth
medium containing 0.5% FBS, 10 ng of GM-CSF per ml, and 10 mM methionine.

At various times after the chase, the cells were lysed in RIPA buffer and immu-
noprecipitated with anti-Mcl-1 antibody. The immunoprecipitated complexes
were resolved on an SDS-containing 10% polyacrylamide gel and visualized by
fluorography. To measure the t1/2 of Mcl-1 in cells containing no GM-CSF, the
same procedure was used but the cells were deprived of GM-CSF for 6 h prior
to labeling and GM-CSF was omitted during the pulse-labeling and chasing
steps. This modified procedure was necessary to ensure that only a minimal
amount of GM-CSF was present during the pulse-labeling step to stimulate the
synthesis of Mcl-1 and that this residual amount of cytokine could be thoroughly
removed at the subsequent chasing step.

[3H]thymidine incorporation assay. Ba/F3 transfectants were normally main-
tained in medium with murine IL-3 as described above. One day before the assay,
they were seeded at a density of 105/ml in medium containing mIL-3, hGM-CSF,
or no cytokine. To determine their mitogenic responses in these cytokines, 104

viable cells from each of these three populations were individually seeded into
the 96-well culture plate by using the same medium in which these cells had been
previously cultured for 24 h. The mitogenic assay was initiated by the addition of
1 mCi of [3H]thymidine (Amersham) to each well. After 20 min of pulse-labeling,
the cells were lysed and analyzed as previously described (55). All assays were
done in triplicate and repeated three times.

Plasmids. PCDNA-3/bcl-2, PCDNA-3/m-mcl-1, and PCDNA-3/h-mcl-1 are
mammalian expression vectors driving bcl-2 and mouse and human mcl-1 cDNA,
respectively, under the control of cytomegalovirus promoters. PCDNA-3/bcl-2
was generated by PCR amplification of the coding region of the bcl-2 cDNA (in
the BK-KS-H-Bcl-2 plasmid provided by Stanley J. Korsmeyer, Washington
University School of Medicine, St. Louis, Mo.) with the following two primers:
sense, 59 GCGAATTCGTTGGCCCCGTTGCTTTT 39; antisense, 59 GCGTC
GACAGGCATGTTGACTTCACT 39. The amplified fragments were restricted
with EcoRI and SalI and cloned into the EcoRI and XhoI sites of the pCDNA-3
vector (Invitrogen). PCDNA-3/m-mcl-1 was constructed by subcloning the
EcoRI-XbaI fragment of the mouse mcl-1 cDNA in pBluescript vector (provided
by Stanley J. Korsmeyer) into the corresponding sites of the pCDNA-3 vector.
The human mcl-1 cDNA encompassing the entire coding region (;1.1 kb) was
synthesized by reverse transcription-PCR amplification of mRNA isolated from
TF-1 cells with the following two primers: sense, 59 GCGGATCCACCATGTT
TGGCCTCAAAAGA 39; antisense, 59GCGTCGACAGGCTATCTTATTAG
ATATGC 39 (designed according to the published sequences) (19). Briefly,
1 mg of mRNA was reverse transcribed with recombinant Moloney murine
leukemia virus reverse transcriptase (GIBCO-BRL) and the antisense primer
listed above. The first-strand cDNA was then PCR amplified with these two
primers and the Advantage KlenTag polymerase mix (Clontech). The PCR-
amplified human mcl-1 cDNA fragment was digested with BamHI and SalI
and cloned into the BamHI and XhoI sites of the pCDNA-3 vector. Both
PCR-amplified bcl-2 and human mcl-1 cDNAs were confirmed by DNA se-
quencing to be free from mutations that would change the amino acid se-
quence of the encoded proteins. pUHD-mcl-1(S) and pUHD-mcl-1(AS) are
two tetracycline-regulated expression vectors driving human mcl-1 cDNA in
a sense or antisense orientation, respectively. They were generated by insert-
ing the human mcl-1 cDNA in either direction into the EcoRI site of the
pUHD10-3 vector (8a).

Cloning of the 5*-flanking region of the murine mcl-1 gene. A murine ES cell
(129/Sv) genomic library (in Lambda FIX II vector) was screened by the standard
method (39a) with murine mcl-1 cDNA as a probe. A single positive clone was
obtained from a screen of 2 3 105 recombinant phages. Southern blot analysis
with distinct parts of the cDNA revealed that a 2.8-kb HindIII-SacI fragment
derived from this phage insert (;14 kb [49b]) contains the 59 end of the coding
sequences. Sequencing of this DNA fragment confirmed that it contains the first
399 bp of the open reading frame of the murine mcl-1 cDNA (GenBank acces-
sion no. U35623 and our unpublished data) and 2,434 bp of the 59-flanking
sequences.

Primer extension analysis of transcriptional start sites. The 59 end of the
mcl-1 mRNA was determined by the standard method as described previously
(39a). Briefly, 40 mg of total RNA (or 2 mg of mRNA) isolated from BaF/3 cells
stimulated with mIL-3 for 1 h was hybridized with the 59-end-labeled ATG-38
primer at 30°C for 12 h before Moloney murine leukemia virus reverse tran-
scriptase was added to initiate the extension reaction. The resultant DNA frag-
ment was resolved on a 6% denaturing polyacrylamide gel containing 7 M urea.
The sequence of the ATG-38 primer is 59 ATGACCGCGTTTCTCCGCAGGC
CAAACATGGTCGGACG 39.

Reporter plasmids and luciferase assay. The mcl-1 genomic clone was di-
gested with various restriction enzymes and the resultant DNA fragments were
subcloned by standard methods into the multiple-cloning sites of the promoter-
less vector pGL-2-basic (Promega) to generate the reporter constructs p(22389/
110)mcl-luc, p(21288/110)mcl-luc, p(2564/110)mcl-luc, p(2203/110)mcl-luc,
p(287/110)mcl-luc, and p(270/110)mcl-luc. The numbers in parentheses indi-
cate the nucleotide position with respect to the transcriptional initiation site
shown in Fig. 5. pB-dl(2197/269) was constructed by deleting the internal region
(2197/269) from p(21288/110)mcl-luc. During the construction of these re-
porter plasmids, some DNA fragments to be cloned were PCR amplified with
appropriate primers and subcloned into pGL-2-basic. All plasmids constructed in
this way were confirmed by sequencing to be free of base mutations in the
amplified region. To analyze the promoter activity of these reporter genes, BaF3
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or abwt cells were transiently transfected with these plasmids by electroporation
with a Bio-Rad Gene Pulser II RF Module system set at the following conditions:
300 V, 40 kHz, five bursts at 2 ms each, and 100% modulation. Electroporated
cells were seeded in growth medium with or without mIL-3 (or hGM-CSF). At
12 h after reseeding, the cells were harvested and assayed for luciferase activity.
A cytomegalovirus-driven chloramphenicol acetyltransferase reporter gene was
cotransfected to correct for variations in transfection efficiency.

Transient transfection and detection of Bcl-2 or Mcl-1 expression by flow
cytometry. Teo4, another line of TF-1 derivatives expressing tTA for the Tet-off
inducible system, was transiently transfected with TRE (Tet-responsive element)
vectors driving the bcl-2 or mcl-1 cDNA in a sense or antisense orientation by
using a liposome-mediated gene transfer method. Briefly, DNA to be transfected
(2 mg of the DNA construct of interest plus one-sixth the molar amount of green
fluorescent protein (GFP) expression vector) was gently mixed with 2.5 ml of
DMRIE-C (GIBCO-BRL, Gaithersburg, Md.) to form the DNA-lipid complex.
After 30 min, the preformed complexes were added to 106 cells which had been
washed once with serum-free medium. Following a 4-h incubation in serum-free
medium containing 2 ng of GM-CSF per ml, transfected cells were divided into
two parts and each part was replaced with fresh growth medium containing or
not containing tetracycline (2 mg/ml). At 20 to 42 h after transfection, the cells
were analyzed for the expression of GFP and Mcl-1 (or Bcl-2) by flow cytometry.
For this experiment, transfected cells were washed twice with phosphate-buffered
saline (PBS) before being fixed with 4% paraformaldehyde for 15 min at room
temperature. After a brief wash with PBS, fixed cells were permeabilized with
0.1% saponin for 15 min, washed once with PBS, and allowed to interact with
rabbit antiserum specific to Bcl-2 or Mcl-1 (Santa Cruz). After a 1-h incubation
with primary antibody, the cells were washed three times with PBS plus 0.05%
Tween 20 (PBST) and further incubated with biotin-conjugated goat anti-rabbit
immunoglobulin G (IgG) (Vector Laboratories) for a further 1 h. After three

more washes in PBST, the cells were incubated with phycoerythrin-conjugated
streptavidin (Jackson ImmunoResearch Laboratories, West Grove, Pa.) for 30
min, washed three times with PBST, and analyzed by flow cytometry with a
Becton Dickinson FACScan as specified by the manufacturer. For detection of
cells expressing GFP, cells were analyzed with the FL-1 channel (excitation, 488
nm; emission, 530/30 nm). For Bcl-2 or Mcl-1 expression, cells were analyzed
with the FL-2 channel (excitation, 488 nm; emission, 585/42 nm). All incubation
steps were carried out at room temperature, and all antibodies were used at the
dilutions recommended by the manufacturer.

Apoptosis detection by annexin-V staining. Cells transiently transfected with
constructs of interest plus expression vectors encoding GFP or a chimeric pro-
tein, CD16/CD7 (see below), were fixed in 2% paraformaldehyde at room tem-
perature for 15 min. After being rinsed with binding buffer (10 mM HEPES/
NaOH [pH 7.4], 140 mM NaCl, 5 mM CaCl2), fixed cells were incubated in the
same buffer containing biotin-conjugated annexin-V (Boehringer GmbH, Mann-
heim, Germany) for another 20 min at room temperature. After several washes,
the annexin-V-bound cells were revealed by binding to Texas red (Vector, Bur-
lingame, Calif.)- or phycoerythrin-conjugated streptavidin and analyzed by con-
focal microscopy (Zeiss) or flow cytometry, respectively. In experiments in which
CD16/CD7 was used as a cotransfection marker, a monoclonal antibody recog-
nizing the extracellular domain of CD16 (MCA1193; Serotec) was included in
the staining procedure. Cells cotransfected with this surface marker were further
stained with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Jack-
son ImmunoResearch Laboratories) and analyzed by flow cytometry as described
above. The expression vector encoding CD16/CD7 fusion protein (the extracel-
lular domain of the cell surface marker CD16 fused to the transmembrane
domain of CD7) was derived from pEFCD16/7/Syk (27) by inserting a stop codon
into the MluI site immediately downstream of the CD7 coding region. For
measurement of apoptosis of nontransfected cells, the same staining procedure
was used except that the fixing step was omitted and the annexin-V bound cells
were quantified with CytoFluor 2350 fluorescence measurement system (Milli-
pore).

FIG. 1. Mcl-1 levels correlate with the survival of TF-1 cells. (A) Growth and
death curves of TF-1 cells. TF-1 cells were seeded at a density of 105/ml in
regular growth medium containing GM-CSF. At various times after seeding, the
viable-cell number was determined by trypan blue exclusion. At 48 h after
seeding, some cells were washed to remove GM-CSF and replated into low-
serum (0.5%) medium without GM-CSF. The viable-cell number in this group
was determined at various times after replating. (B and C) Cytokine depletion
induces apoptosis in TF-1 cells. Half of the cells depleted of cytokine as de-
scribed for panel A were harvested after counting, and their genomic DNA was
analyzed by agarose gel electrophoresis. The other half of the cells were har-
vested, and equal amounts (50 mg) of their protein lysates were analyzed by
immunoblotting for the expression of Mcl-1 and other proteins as indicated in
the figure (C, lanes 1 to 7). Cells deprived of GM-CSF, placed in low-serum
medium for 24 h, and restimulated with GM-CSF for 0.5, 1, 3, and 6 h were also
prepared and analyzed (lanes 8 to 11). The data shown here are representative
results from one of three independent experiments with very similar patterns.
The standard deviation of the viable-cell number (A) is indicated by error bars.
D1, D2, and D3 indicate cells at 24, 48 or 72 h, respectively, after the initial
seeding in regular growth medium containing GM-CSF.
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Nucleotide sequence accession number. The nucleotide sequence reported in
this paper will appear in the GenBank database under accession no. AF063886.

RESULTS

GM-CSF stimulates Mcl-1 expression at both the protein
and mRNA levels. Both serum and GM-CSF are required for
the long-term growth of the human myeloid progenitor cell
line TF-1. Upon depletion of GM-CSF from the normal
growth medium, the viability of TF-1 decreased with time and
cells underwent apoptosis (55). However, if the cells were
deprived of GM-CSF and subsequently placed in medium con-
taining a low concentration of serum (0.5%), their death rate
was greatly increased and more consistent from experiment to
experiment when different batches of serum were used (data
not shown). This was probably because serum also provided
some survival activity to TF-1 cells and this survival activity
varied among different batches of serum. For the sake of con-
sistency, in all cytokine depletion and restimulation experi-
ments carried out in this study, the cells were placed in medium
with 0.5% serum. Under the conditions used in a standard
depletion assay (Fig. 1A), the DNA ladder was not prominent
until approximately 40% of the cells had lost their viability
(;20 to 24 h after cytokine depletion) and had undergone
apoptosis (Fig. 1B). To investigate the role of Bcl-2 family
proteins in this type of apoptosis, the expression patterns of
this protein family at various times after factor removal were
examined. In six independent experiments, we consistently ob-
served that the level of Mcl-1 decreased rapidly and signifi-
cantly following withdrawal of the survival factor from the
culture medium (Fig. 1C). Upon readdition of GM-CSF to the
growth factor-starved cells, the level of Mcl-1 protein was im-
mediately increased (Fig. 1C, lanes 9 to 11). In contrast, even
after a 24-h depletion of growth factors, the levels of other
Bcl-2 family members such as Bcl-2, Bax (Fig. 1C), and Bcl-xL
(data not shown) were not significantly affected (a less-than-
twofold change). Furthermore, none of these three members
could be immediately reinduced by GM-CSF as in the case of

Mcl-1 (lanes 9 to 11 and data not shown). Of interest, A1,
another member of this protein family previously shown to be
induced by GM-CSF (23c), was hardly detectable in these cells
(data not shown).

To examine if the rapid change of Mcl-1 protein levels as a
result of the absence or presence of the survival factor was due
to changes in the expression of its mRNA, total RNA isolated
from cells during the actively growing phase, cells that had
been depleted of survival factors for various times, or factor-
deprived cells that had been restimulated by GM-CSF were
analyzed by Northern blot analysis. As shown in Fig. 2A, the
3.9-kb transcript of mcl-1 mRNA quickly dropped to the base-
line level within 3 to 6 h after growth factor removal (the 2.5-kb
transcript is too weak to be detectable in this figure). However,
upon restimulation of factor-deprived cells (depleted for 6 h)
with GM-CSF only, the mcl-1 mRNA was rapidly induced. Its
induction was transient and peaked at 1 h (ca. three- to four-
fold induction for the 3.9-kb transcript [Fig. 2A, lane 7]) post-
treatment. The mcl-1 mRNA was still induced by GM-CSF in
the presence of cycloheximide, suggesting that de novo protein
synthesis was not required for this process (Fig. 2B, lane 4).
This induction pattern was similar to that of junB (Fig. 2), an
immediate-early gene activated by various growth factors (9,
14, 23). These results indicated that mcl-1 is an immediate-
early gene activated by the GM-CSF signaling pathway.

Mcl-1 was reported to be a labile protein probably due to the
presence of PEST sequences (54). We were curious to know if
depletion of GM-CSF would further facilitate the degradation
of Mcl-1. To examine this, the half-life of Mcl-1 in cells fed or
not fed with GM-CSF was determined. In five independent
experiments, we consistently observed that the half-life of
Mcl-1 in cells with GM-CSF was around 30 to 40 min (Fig. 3),
which was similar to the previously reported half-life of ;1 h
for the upper band of Mcl-1 proteins (54). (In the system we
used, we were unable to detect the lower band, which was
reported to have a longer half-life of ;3 h.) The half-life of
Mcl-1 in cells depleted of GM-CSF was very similar to that of
cells in the presence of GM-CSF (also ;30 to 40 min [Fig. 3]),

FIG. 2. GM-CSF treatment increases mcl-1 mRNA levels. TF-1 cells treated under various conditions as described below were lysed, and their total RNA was
isolated and analyzed by Northern blotting with an mcl-1-specific probe. The same blot was also stripped and sequentially reprobed with probes specific to junB and
the glyceraldehyde-3-phosphate dehydrogenase gene (G3PDH), respectively. (A) Lanes: 1, cells in logarithmic phase (L); 2 to 6, cells depleted of GM-CSF and serum
for 3 to 24 h; 7 to 9, cells depleted of GM-CSF and serum for 6 h and restimulated with GM-CSF for 1, 3, and 6 h, respectively. (B) Lanes: 1 and 2, same treatment
as described for lanes 3 and 7 of panel A, respectively; 3, cells depleted of GM-CSF and serum for 6 h and stimulated with 10 mg of cycloheximide (cx) per ml for 1 h;
4, same treatment as for lane 3 but stimulated with GM-CSF and cycloheximide (11cx) for 1 h.
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suggesting that the Mcl-1 protein levels affected by the GM-
CSF signaling pathway were regulated mainly at the synthesis,
not the degradation, step.

Induction of mcl-1 requires the membrane-distal domain of
the receptor b subunit. The b chain of the GM-CSF receptor
plays the major role in transducing many signals generated by
the activated receptor. We were interested in determining
which domain of the b chain was important for the induction
of mcl-1 by GM-CSF. To address this issue, mIL-3-dependent
Ba/F3 cells were engineered to express the hGM-CSF receptor
a chain alone or in combination with various C-terminal trun-
cation mutants of the receptor b chain (Fig. 4A). This heter-
ologous system proved to be useful to study the hGM-CSF
receptor signaling pathway, because the introduction of the
wild-type hGM-CSF receptor into Ba/F3 cells resulted in rapid
growth of these cells in medium containing hGM-CSF but in
only their usual general growth properties in medium contain-

ing mIL-3 or without any cytokine (40). As shown in Fig. 4B,
while bcl-2 mRNA levels in all Ba/F transfectants were very
low and were not significantly affected by mIL-3 or hGM-CSF
(Fig. 4B), the regulation of mcl-1 mRNA in these cells by
mIL-3 or hGM-CSF was quite discernible. mcl-1 mRNA was
induced in all Ba/F3 derivatives cultivated in medium contain-
ing mIL-3, which supports the long-term growth of these cells.
However, when these cells were cultivated in medium contain-
ing hGM-CSF, they had differential responses. Only abwt (ex-
pressing wild-type hGM-CSF receptor a and b chains) and
ab755 (expressing a chain and b chain C-terminally deleted to
amino acid [aa] 756) cells retained the ability to induce mcl-1
upon stimulation with hGM-CSF. The mcl-1 induction by
hGM-CSF was abolished in cells expressing an a chain alone
(Ba/Fa) or expressing a chain in combination with a b-chain
mutant C-terminally deleted up to either aa 574 (ab573) or
aa 454 (ab453). This result suggests that mcl-1 induction by
hGM-CSF requires the membrane-distal region of the b chain
between aa 573 and 755, a domain that is also important for the
induction of other immediate-early genes such as jun, fos and
myc (Fig. 4B). Of note, deletion of this region resulted in
differential effects on the anti-apoptotic and mitogenic activi-
ties of the receptor. As shown in Fig. 4C and D, in medium
containing hGM-CSF, ab573 cells underwent apoptosis even
though they still retained partial mitogenic activity (;40 to
50% of the activity of the same cells in mIL-3) (Fig. 4E). To
be able to quantitatively compare the apoptotic response of
ab573 cells in medium containing mIL-3 or hGM-CSF or
without any factor, equal numbers of cells (2 3 106 in 10 ml)
were seeded in various culture media. At 24 h after seeding,
the numbers of viable and apoptotic cells were determined by
trypan blue and annexin-V binding assays, respectively. Under
these conditions, we always observed that cells seeded in mIL-3
could reach a density of (7.4 6 0.2) 3 105/ml whereas cells in
hGM-CSF or without any factor reached only (2.0 6 0.2) 3 105

and (1.0 6 0.1 3 105) per ml, respectively. Although cells
seeded under the last two conditions had different amounts of
viable cell numbers at the 24-h time point, they had similar
numbers of apoptotic cells as reflected by the fluorescent units
of annexin-V-bound cells (Fig. 4D) or by determination of the
trypan blue-positive populations (;2.5 3 105 per ml for both).
This result suggests that deletion of the b chain between aa 573
and 755 resulted in complete loss of the anti-apoptotic activity
while retaining partial mitogenic activity of the activated re-
ceptor.

Cytokine activates the mcl-1 gene promoter. To examine if
the induction of mcl-1 mRNA by GM-CSF or IL-3 (Fig. 4B)
was regulated at the transcriptional level, the 59-flanking re-
gion of the murine mcl-1 gene was isolated (see Materials and
Methods) and sequenced (Fig. 5A). Primer extension (Fig. 5B)
and S1-mapping (data not shown) analyses revealed that the
transcriptional initiation site (TI) of this gene was located 45
nucleotides upstream of the first ATG of the open reading
frame deduced from the murine mcl-1 cDNA. To examine if
the cloned 59-flanking DNA fragment immediately upstream
of the TI site conferred any promoter activity, a luciferase
reporter gene containing sequences between 22389 and 110,
p(22389/110)mcl-luc, was analyzed. This reporter, when
transfected into BaF/3 cells, manifested some promoter activ-
ity compared to the promoterless parental vector, pGL2-basic
(Fig. 6B and C). Addition of IL-3 further increased the pro-
moter activity by ;threefold, which was similar to the fold
increase at the mRNA level as a result of GM-CSF (Fig. 2) or
IL-3 (Fig. 4B) addition. To map the promoter region that was
responsible for cytokine inducibility, a series of reporters har-
boring various regions of the promoter DNA were analyzed

FIG. 3. Mcl-1 half-lives in cells cultured with or without GM-CSF. TF-1 cells
pulse-labeled with [35S]Met for 15 min and chased with excess amounts of cold
methionine were thoroughly washed and reseeded in medium containing or not
containing GM-CSF. (A) At various times after reseeding, total-cell lysates were
prepared and immunoprecipitated with antibody specific to Mcl-1, and the im-
munoprecipitated complexes were resolved on an SDS-containing 10% poly-
acrylamide gel and visualized by fluorography. The Mcl-1-specific bands were
quantified with a PhosphorImager. (B) After normalization to the amount of an
unknown (Unk) protein whose levels remain constant during experimental pe-
riod, the level of Mcl-1 at each time point was converted to the percentage of
Mcl-1 level at the time zero point and plotted to determine the half-lives.
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(Fig. 6A). As shown in Fig. 6B and C, IL-3 inducibility requires
the presence of the DNA region between 2197 and 269. An
identical promoter region was mapped for the GM-CSF induc-
ibility when these deletion mutants were analyzed in abwt cells
(data not shown). Taken together, these results suggest that
cytokine induction of mcl-1 mRNA is regulated mainly at the
transcriptional level.

Mcl-1 plays a role in the survival activity of the activated
GM-CSF receptor. As shown above, mcl-1 mRNA was induced
only in cells that could survive under that culture condition
(i.e., all cells in the presence of mIL-3 and abwt and ab755
cells in the presence of hGM-CSF). This result suggested that
Mcl-1 may play a role in the anti-apoptotic activity of the
GM-CSF and IL-3 signaling pathway. To examine this possi-
bility, the following experiments were performed. First, we
examined if ectopic overexpression of Mcl-1 would prevent
TF-1 cells from undergoing apoptosis upon depletion of their

dependent cytokines. For this experiment, TF-1 cells condi-
tionally overexpressing Mcl-1 were generated by using the Tet-
off inducible system. Two independent clones (Mcl10-1 and
Mcl10-2) were isolated, and their Mcl-1 levels in the presence
or absence of tetracycline were analyzed by immunoblotting
(Fig. 7A). Upon removal of tetracycline (Fig. 7A, lanes 4 and
6), Mcl-1 was induced approximately 2.5-fold in Mcl10-1 and
20-fold in Mcl10-2. When deprived of GM-CSF, these cells still
died but at a rate significantly lower than under conditions
where Mcl-1 was not overproduced (i.e., cultivated in the pres-
ence of tetracycline) (Fig. 7B). As more Mcl-1 was induced,
more protection was observed. Although the Bcl-2 protein or
mRNA levels did not fluctuate significantly with the GM-CSF
and IL-3 signaling pathway, its ectopic overexpression still de-
layed factor withdrawal-induced apoptosis in TF-1 cells (Fig.
7B).

Next, we determined if a delay of apoptosis could also be

FIG. 4. Mcl-1 induction requires the membrane-distal domain of the GM-CSF receptor b chain. (A) Schematic representation of human GM-CSF receptor mutants
transfected into Ba/F3 cells. (B) Ba/F3 cells expressing various receptor mutants were depleted of cytokine for 20 h before they were stimulated with mIL-3 or
hGM-CSF. At various times after stimulation (0.5 to 3 h), the cells were lysed and their total RNA was analyzed by Northern blotting with specific probes as indicated
in the figure. (C) Equal numbers (2 3 106) of Ba/F3 cells expressing various GM-CSF receptor mutants were seeded for 24 h in 10 ml of medium containing no cytokine,
mIL-3, or hGM-CSF, and then their genomic DNA was extracted and analyzed by agarose gel electrophoresis (2% agarose). (D) Cells treated as in panel C were stained
with biotinylated annexin-V and Texas red-conjugated streptavidin as described in Materials and Methods. The positively stained (apoptotic) cells were quantified with
Cytofluor 2350. The fluorescence units of the annexin-V-bound cells are plotted here to reflect the absolute numbers of apoptotic cells. h, S; ■, mIL-3; 1, hGM-CSF.
(E) Mitogenic activity of Ba/F3 cells expressing various receptor mutants. Cells (104) cultured in medium containing no cytokine (S), mIL-3 or hGM-CSF were
pulse-labeled with [3H]thymidine for 20 min and lysed, and the incorporated counts were measured with a b-counter.
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FIG. 4—Continued.
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observed in a transient-transfection assay. To examine this,
TF-1 cells were transiently transfected with mcl-1 or bcl-2 ex-
pression vector along with one-sixth the molar amount of a
GFP-expressing construct. Although GFP-positive cells disap-
peared slowly over time in the transient-transfection assay,
removal of GM-CSF after transfection significantly accelerated
this process (Fig. 8B). This was presumably due to an increased
rate of apoptosis of all cells tested under this cytokine-free
condition, and the GFP fluorescence tended to be lost in the
apoptotic cells. To test the effect of Mcl-1 or Bcl-2 on cell
death rate measured by this transient-transfection method, we
examined specifically how fast the cells transiently expressing
either of these two proteins (identified by their coexpression of
GFP) would disappear following GM-CSF withdrawal. As il-
lustrated in Fig. 8A, the bcl-2 or mcl-1 cDNA-transfected cells
(GFP positive) indeed tended to express larger amounts of
Bcl-2 or Mcl-1 proteins than did nontransfected cells as mea-

FIG. 5. Mapping of the TI site of the murine mcl-1 promoter. (A) Nucleotide
sequence of the murine mcl-1 gene promoter region. The numbering of the
nucleotides is relative to the TI site at 11. The restriction enzyme sites used for
generating luciferase reporter constructs are shown in italics. The SIF- and
CRE-2-like sequences (see text) are underlined. (B) Primer extension of RNA
isolated from Ba/F3 cells with the ATG-38 primer (see Materials and Methods).
Extension products from 2 mg of mRNA or from 40 mg of total RNA are shown
in lanes 3 and 4, respectively. Products of a control reaction in which cellular
RNA was replaced with 200 mg of yeast tRNA are shown in lane 2. A sequencing
reaction product from a reaction performed with the ATG-38 primer was also
loaded onto the same denaturing gel to help assign the TI site. The DNA
template used for sequencing was the HindIII-SacI genomic fragment as de-
scribed in Materials and Methods.
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sured by flow cytometry. Under the same conditions, the empty
control vector did not have any effect on the expression of
these two proteins. In three independent experiments, we con-
sistently observed that cells transiently overexpressing Mcl-1 or
Bcl-2 had a delayed rate of disappearance of GFP-positive cells
(and therefore a delayed rate of apoptosis) after transfected
cells were stripped of GM-CSF (Fig. 8B). We noticed, how-
ever, that the protection effect of Mcl-1 (10 to 20%) in this
transient-transfection experiment (Fig. 8) was not as efficient
as that in the stable-cell-line assay (Fig. 7), even though the
former assay usually yields higher levels of protein expression
than the latter one. The exact mechanism is unknown but could
be due to differences in the time point (24 to 30 h versus 2 to
3 days), the assay method (GFP versus trypan blue), and/or the

amounts (a fraction versus all cells overexpressing Mcl-1) used
in these two different systems.

To further demonstrate that Mcl-1 indeed played a role in
the anti-apoptotic activity of the GM-CSF signaling pathway,
experiments were designed to reduce the endogenous amount
of Mcl-1 and to examine its effect on the survival of affected
cells. Our initial attempt was to establish a Tet-off inducible
line in which the antisense mcl-1 cDNA could be induced in
the absence of tetracycline. However, after several rounds of
stable-cell-line selection, none of the clones that survived drug
selection expressed antisense mcl-1 (data not shown). This was
probably due to some leaky expression of the cytotoxic anti-
sense mcl-1 in the presence of tetracycline (see below). We
then performed transient-transfection assays (Fig. 9) to inves-

FIG. 6. Cytokine activates the mcl-1 gene promoter. (A) Schematic representation of luciferase reporter genes driven by various regions of the mcl-1 promoter. (B)
BaF/3 cells transfected with various luciferase reporters as indicated were stimulated with IL-3 or not stimulated, and the lysates were analyzed for luciferase activity
(in arbitrary units). Very similar results were obtained from four independent experiments, and the data shown here are from one representative assay. (C) The average
fold induction (mean 6 standard deviation, n 5 4) by IL-3 for each construct analyzed in panel B. The luciferase activity generated from the expression of pUHC13-3
(a luciferase reporter driven by the minimal CMV promoter) was not affected by IL-3 and is included as a negative control.
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tigate this issue. In this experiment, the TeO4 cells (another
TF-1 derivative stably overexpressing tTA for the Tet-regu-
lated system) were transfected with a Tet-operator-controlled
expression vector driving mcl-1 cDNA in a sense or antisense
orientation. To mark the transfected cells, a vector driving the
expression of GFP (at one-sixth the molar amount) was again
cotransfected. After transfection, half of the cells were cul-
tured in complete medium (containing GM-CSF) with tetra-
cycline and half were cultured in the same medium without
tetracycline. The Mcl-1 protein levels and the number of GFP-
positive cells in each case were measured by flow cytometry 20
or 42 h after transfection, respectively. (Examination of the
protein level at the early time point [20 h] was necessary,
because cells transfected with the antisense vector tended to
die and lose GFP fluorescence at later time points [see below].)
As illustrated in Fig. 9A, in the presence of tetracycline the
endogenous Mcl-1 levels were slightly (10 to 15%) affected by
the transfected DNA, a result probably due to some leaky
expression of these constructs. However, in its absence, the
endogenous Mcl-1 levels were significantly affected. The sense
construct tended to express more Mcl-1 protein (44% 6 3% of
GFP-positive cells expressed more proteins than did the non-
gated controls), whereas the antisense vector tended to de-
crease the endogenous protein level (31% 6 3% of GFP-
positive cells expressed less protein than did the nongated
controls). None of these conditions affected the expression of
the endogenous Bcl-2 proteins (Fig. 9B).

In three independent experiments (Table 1), we consistently
observed that cells transfected with control vector and cultured
in medium without tetracycline tended to retain slightly more
GFP-positive cells than did the same transfected cells cultured
in medium containing tetracycline (average increase of 5.1% 6
2.0%). If the cells were transfected with Mcl-1 sense vector, the
number of GFP-positive cells in medium without tetracycline

was further increased (average increase of 10.2% 6 1.3%). In
contrast, when cells were transfected with Mcl-1 antisense vec-
tor, a significant loss of GFP-positive cells was observed upon
removal of tetracycline (average decrease of 20.6% 6 2.8%).
Based on the observation that GFP-positive cells gradually lost
GFP fluorescence upon GM-CSF withdrawal (Fig. 8B), this
lost fraction (from GFP-positive to GFP-negative cells) specif-
ically seen in cells transfected with the antisense vector most
probably represented those cells whose Mcl-1 protein levels
were effectively reduced and had undergone apoptosis to the
point at which the GFP fluorescence was lost (some of these
cells, annexin-V positive but GFP negative, are shown in Fig.
9C, X2). On the other hand, under the same conditions, the
transfected populations that remained identifiable by their
GFP fluorescence tended to have more apoptotic cells than did
those from cells transfected with control or sense vectors, as
revealed by annexin-V staining and viewed under a confocal
microscope (Fig. 9C, X1 and X2). This double-positive (GFP-
positive and annexin-V-positive) population increased (;12%
[see Table 2]) in cells transfected with the antisense vector
under induced conditions (lacking tetracycline) probably rep-
resented transfected cells that were dying but at the early stage
of apoptosis when GFP fluorescence remained detectable. To
quantify the percentage of these double-positive populations,
an identical experiment to that described in Fig. 9 but replac-
ing GFP DNA with an expression vector driving the synthesis
of a chimeric protein expressed on the cell surface (CD16/CD7
[see Materials and Methods]) was carried out. Cotransfection
with GFP or CD16/CD7 gave very similar results in terms of
loss of transfected markers upon apoptosis (data not shown).
However, CD16/CD7, after being stained with primary and
fluorescein isothiocyanate-conjugated secondary antibodies,
gave a much better signal than GFP did in the FL-1 channel of
the flow cytometer. Table 2 shows that transfection with the

FIG. 7. Overexpression of Mcl-1 delays GM-CSF withdrawal-induced apoptosis. (A) TF-1 cells stably overexpressing Mcl-1 under a Tet-off system were established.
The Mcl-1 and Bcl-2 levels in these cells grown in medium with or without tetracycline were analyzed by immunoblotting. TFtD1, control TF-1 cells expressing tTA
only. Mcl10-1 and Mcl10-2, two single clones derived from TFtD1 that overexpressed Mcl-1 in medium without tetracycline. A pool of TF-1 cells constitutively
overexpressing Bcl-2 (lane 8) or control vector (Neo, lane 7) was also analyzed. (B) Death curves of TF-1 derivatives cultured in medium with or without tetracycline
(1 and 2, respectively). Cells grown to a density of 3 3 105/ml were washed to remove GM-CSF, and the viable-cell numbers were determined by trypan blue exclusion.
The percent survival relative to those seeded is plotted against days after GM-CSF removal. Cells constitutively overexpressing Bcl-2 (TF/Bcl-2) or control vector
(TF/Neo) were also analyzed.
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vector control generated a background level (;12%) of apo-
ptotic cells (double positive for annexin-V and CD16) irrespec-
tive of the presence or absence of tetracycline in the culture
medium, a result probably due to the toxicity of DMRIE-C
used in the assay. A similar case was also observed in experi-
ments with the mcl-1 sense vector. In contrast, introduction of
the antisense vector under induced conditions (without tetra-
cycline) significantly increased the percentage of this double-
positive population that was at the early stage of apoptosis
(average increase of 11.9% 6 6.1%). Taken together, these
results and those in Fig. 9 and Table 1 clearly indicate that
down-regulation of Mcl-1 by antisense constructs at least par-
tially overcame the survival activity of GM-CSF and induced
apoptosis of dependent cells.

DISCUSSION

mcl-1 was originally identified as an early gene induced dur-
ing differentiation of ML-1 myeloid leukemia cells (19). Al-
though overexpression of the Mcl-1 protein can protect against
apoptosis triggered by various death inducers (38, 58), its phys-
iological function is still unclear. In this report, we show that
mcl-1 is an immediate-early gene activated by the GM-CSF
signaling pathway. Furthermore, unlike other members of the
Bcl-2 family protein, the Mcl-1 protein level was tightly regu-
lated by this survival cytokine in TF-1 myeloid progenitor cells.
Ectopic overexpression of Mcl-1 delayed the apoptosis of TF-1
cells triggered by GM-CSF withdrawal, whereas antisense
blocking of endogenous Mcl-1 overcame, at least partially, the
protective effect of GM-CSF and promoted the apoptosis of

TF-1 cells. These results strongly suggest that Mcl-1 plays a
role in the survival function of the GM-CSF signaling pathway.

Several lines of evidence suggest that Mcl-1, Bcl-2, and pos-
sibly other members of this protein family together mediate
the anti-apoptotic function of IL-3 and GM-CSF. (i) Overex-
pression of Bcl-2 or Mcl-1 alone in the cell system used here
delayed but did not completely prevent GM-CSF withdrawal-
induced apoptosis. (ii) Zha et al. (57) reported that an IL-3-
activated signal led to phosphorylation of Bad, which was then
sequestered in the cytosol bound to 14-3-3. The serine-phos-
phorylated Bad failed to bind to Bcl-xL and therefore could not
promote cell death. (iii) GM-CSF activated the expression of
A1, whose overexpression was reported to retard cell death
elicited by IL-3 withdrawal (24). (iv) Overexpression of Bax or
Bak accelerated IL-3 removal-induced cell death (4, 15, 33).
(v) the Bcl-xL mRNA levels were recently shown to be affected
by IL-3 in bone marrow-derived BaF-3 cells (23b). Since the
Bcl-2 protein family is known to function by forming a ho-
modimer or heterodimer with its relatives (reviewed in refer-
ence 6), an IL-3- or GM-CSF-activated signal, with its effect on
the induction of some members (e.g., Mcl-1 and A1) and on
posttranslational modification of other members (e.g., Bcl-2
and Bad), will certainly change the ratios of complexes that
prevent or promote cell death. Alternatively, upon cytokine
withdrawal from cells like TF-1 cells, the rapid degradation of
Mcl-1 could again shift the equilibrium toward the formation
of complexes that promote cell death. The short half-life of
Mcl-1, as well as its being an immediate-early gene product,
supports the notion that Mcl-1 plays an important role in the
IL-3- or GM-CSF-regulated cell death pathway. Since overex-

FIG. 8. TF-1 cells transiently overexpressing Mcl-1 or Bcl-2 delayed the disappearance of transfected cells (GFP marked) following removal of GM-CSF. (A) Cells
were transiently transfected with pCDNA-3/h-mcl-1, pCDNA-3/m-mcl-1, pCDNA-3/bcl-2, or a control plasmid along with one-sixth the molar amount of GFP vectors.
At 15 h after transfection, some cells were analyzed for their expression of Mcl-1 or Bcl-2 by flow cytometry; others were depleted of GM-CSF. The solid peaks indicate
cells stained with control rabbit IgG, and the open peaks indicate cells stained with Mcl-1 (upper and lower left panels) or Bcl-2 antibody (upper and lower right panels).
The open peaks in gray lines indicated total transfected cells (nongated), and black lines show the GFP positive populations. The transfection efficiency was 1 to 3%.
(B) At various times after GM-CSF removal, the number of GFP positive cells in each transfectant was analyzed by flow cytometry and plotted against hours relapsed.
Cells transfected with the control vector but placed in medium with GM-CSF (pCDNA-31GM-CSF) were included as a control. The GFP numbers at time zero were
taken as 100%, and the numbers at subsequent time points were plotted as the percentage relative to the initial numbers. This relative percentage was designated the
survival index. Data shown here are means of three independent experiments.
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pression of Mcl-1 to a level that is comparable to (e.g., in
Mcl10-1) or even higher than (e.g., in Mcl10-2) that in GM-
CSF-stimulated cells alone did not completely prevent TF-1
cells from undergoing factor-withdrawal-induced apoptosis,
some other signals activated upon IL-3 or GM-CSF binding to
their receptors must also be necessary for the survival function
of these cytokines. These extra signals may include signals that
lead to the posttranslational modification of Mcl-1 protein
itself (three noncharacterized forms of proteins have been
observed [54]), signals that lead to the activation of some other
Bcl-2 family proteins (as described above), and possibly signals
that lead to activation of other, yet to be identified IL-3- or
GM-CSF-regulated genes. Taken together, all these possibili-

ties suggest that Mcl-1 is one important component of the
GM-CSF viability response.

Bcl-2 and Bcl-xL can form a heterodimer with Bax (33a, 41,
42, 58). In yeast two-hybrid systems, Mcl-1 also interacts with
Bcl-2 and Bcl-xL at a much lower affinity than with Bax (41).
However, after many attempts, we found no evidence that
these interactions occurred in mammalian cells or that Mcl-1
existed as a homodimer (33a). It has been reported that the
ratio of Bcl-2 to Bax determines the survival or death of IL-3-
depleted FL5.12 cells (33). It is possible that Mcl-1 utilizes a
mechanism similar to that of Bcl-2 to antagonize a death sig-
nal. Mcl-1 has a half-life of ;30 to 40 min irrespective of the
presence or absence of GM-CSF. When dependent cells are

FIG. 9. The Mcl-1 antisense construct induces apoptosis of TF-1 cells. (A and B) Flow cytometric analysis of Mcl-1 (A) or Bcl-2 (B) levels in cells transfected with
various vectors. TeO4 cells transiently transfected with control vector, pUHD-mcl-1(S), or pUHD-mcl-1(AS) along with the GFP expression vector as described in
Materials and Methods were treated with tetracycline for 20 h or not treated. At this point, some cells were fixed and analyzed for Mcl-1 or Bcl-2 expression by flow
cytometry. For each transfection experiment, a total of 5,000 cells (gated for GFP1 or nongated) were analyzed. (C) The Mcl-1 antisense construct tended to overcome
the survival activity of GM-CSF and induce apoptosis of TF-1 cells. As described for panel A, cells that remained GFP positive at the 42-h time point were stained
with annexin-V and assessed for their apoptotic status. Annexin-V-positive (biotin-labeled) cells were recognized by Texas red-conjugated streptavidin and visualized
by confocal microscopy. For all conditions, two different views are shown (views 1 and 2). For each panel, the upper left two images (A1, A2, E1, E2, I1, I2, M1, M2,
Q1, Q2, S1, and S2) are transfected cells viewed under phase contrast; the upper right two views are the corresponding field that showed the GFP-positive cells (B1,
B2, F1, F2, J1, J2, N1, N2, R1, R2, T1, and T2); the lower left two views (C1, C2, G1, G2, K1, K2, O1, O2, U1, U2, W1, and W2) are the same field that showed the
annexin-V-positive cells (red); and the lower right two views (D1, D2, H1, H2, L1, L2, P1, P2, V1, V2, X1, and X2) are the superimposed results of the two fluorescent
images. Yellow images are cells that were doubly positive for GFP and annexin-V. Magnification, 3308.
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deprived of GM-CSF, the synthesis of Mcl-1 is immediately
interrupted. The Mcl-1 molecule that has been synthesized,
due to its short half-life, quickly degrades. The shortage of
Mcl-1 could lessen the possibility of the formation of an Mcl-
1–Bax heterodimer, which would promote the formation of a
Bax-Bax homodimer and induce cell death. More experiments
are required to check the accuracy of this possible scenario.

The ligand-conjugated GM-CSF receptor is known to acti-
vate many downstream signaling molecules (10, 13, 34, 35, 39,
40). We were interested in knowing which part of the activated
receptor is responsible for the induction of Mcl-1. From char-
acterization of Ba/F3 cells harboring various C-terminally trun-
cated mutants of the GM-CSF receptor, we observed that
induction of Mcl-1 required the membrane-distal region of the

TABLE 1. Number of cells expressing GFP after cotransfection with various constructs

Construct Tetracycline
addition

Expt 1 Expt 2 Expt 3
Average gain

or lossNo. of GFP-
positive cellsa

% Gain
or lossb

No. of GFP-
positive cells

% Gain
or loss

No. of GFP-
positive cells

% Gain
or loss

Vector 1 1,893 2,127 1,974
2 1,942 12.6 2,237 15.2 2,123 17.5 15.1 6 2.0

Mcl-1(S) 1 2,925 2,941 3,690
2 3,183 18.8 3,239 110.0 4,128 111.9 110.2 6 1.3

Mcl-1(AS) 1 1,633 1,770 1,917
2 1,315 219.5 1,338 224.4 1,573 217.9 220.6 6 2.8

a Number of cells expressing GFP detected by flow cytometry from 105 transfected cells.
b [100 3 (Number of GFP-positive cells in medium without tetracycline) 2 (number of GFP-positive cells in medium with tetracycline)]/(number of GFP-positive

cells in medium with tetracycline).

FIG. 9—Continued.
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receptor b chain (aa 573 to 755). This region of the receptor,
according to published results (40), is likely to be important for
the activation of the Ras, Raf, MAP, and p70 S6 kinases and
phosphoinositide 3-kinase. Several studies have shown that the
activation of these signaling molecules is important for the
survival activity of various growth factors (1, 16, 22, 26, 52). It
is possible that induction of Mcl-1 synthesis is one result of
these survival signals activated after GM-CSF binding to its
own receptor. By promoter deletion analysis, we found that the
upstream region between positions 2197 and 269 is required
for cytokine induction of the mcl-1 gene. This region of the
promoter contains DNA binding sites similar to the consensus
sequences recognized by SIF and CRE-2 binding proteins (11,
49a). The SIF binding site is important for GM-CSF activation
of the c-fos promoter (36a). More experiments are required to
delineate which transcriptional factor is responsible for IL-3 or
GM-CSF activation of the mcl-1 gene and how the activity of
this transcriptional factor is modulated by the membrane-distal
region of the b chain.

The anti-apoptotic activity of ab573 cells was completely
lost in medium containing hGM-CSF, whereas the mitogenic
response of these cells under the same condition was partially
impaired. This result suggests that the membrane-distal region
of the receptor b chain also plays a role in the mitogenic
response and that the receptor-activated mitogenic and anti-
apoptotic signaling pathways may not be completely indepen-
dent as previously suggested (16). As in ab573 cells, the in-
duction of Mcl-1 by hGM-CSF was abolished. This may be the
result of the following two likely explanations. First, Mcl-1 may
play a partial role in the mitogenic response of the receptor.
This is based on the observation that the partial loss (;40 to
50%) of mitogenesis of ab573 cells in medium containing
GM-CSF correlates with the loss of Mcl-1 expression in these
cells. Second, Mcl-1 may not play any role in mitogenesis. This
possibility is based on the fact that the induction of several
other genes, such as c-jun, c-fos, and c-myc, is also lost in ab573
cells. It is possible that the partial loss of mitogenic ability of
ab573 cells in medium containing hGM-CSF is simply the
result of loss of expression of these three and possibly other,
yet to be identified genes. More experiments will be necessary
to differentiate these two possibilities.

During TPA-induced differentiation of ML-1 human leuke-
mia cells, Mcl-1 is rapidly induced within 3 h of treatment, and
its level may gradually decline thereafter to a baseline level
upon completion of differentiation (54). We also found that
Mcl-1 levels increased in TPA-induced differentiating TF-1
cells but decreased dramatically in TPA-induced apoptotic

cells (data not shown). While these results suggest that Mcl-1
plays an important role in myeloid cell differentiation, its exact
role during this process is unclear. Fairbairn et al. (5) reported
that overexpression of Bcl-2 suppressed IL-3 withdrawal-in-
duced apoptosis of a multipotent hematopoietic cell line,
which allowed differentiation and development of these cells in
the absence of added growth factors. It is possible that Mcl-1
plays a role similar to Bcl-2 or other survival factors during
hematopoietic cell differentiation. That is, its major role in the
differentiation process is to suppress apoptosis and allow the
intrinsically determined differentiation program to proceed
(5).

Mice deficient in Bcl-2 or Bcl-x have different phenotypes.
Bcl-2-deficient mice undergo normal embryonic development
but have fulminant lymphoid apoptosis, polycystic kidneys, and
hypopigmented hair (31, 49). Bcl-x-deficient mice show mas-
sive cell death of immature hematopoietic cells and neurons
(30). These results suggest that although both Bcl-2 and Bcl-xL
have anti-apoptotic activities, their effects vary in different tis-
sues and during different developmental stages. Following the
same line of reasoning, Mcl-1 may exert another type of reg-
ulation of apoptosis, since it is widely distributed in various
tissues and cell types and its expression profile differs slightly
from that of Bcl-2 and Bcl-xL (20, 21, 54). Generation of Mcl-1
knockout mice may help us understand the real role of Mcl-1
in the biological system.
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