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ABSTRACT

Because limited studies examined effects of transforming growth factor
(TGF) ÃŸlon growth of human acute myelogenous leukemia (AML) cells,
we used factor-dependent and primary AML cells to assess TGF-ÃŸl effects
on human AML cell growth. OCI-AML1 cells were growth inhibited by
TGF-ÃŸl regardless of which growth factor was used as a stimulus. In
contrast, AML-193 cells were resistant to TGF-ÃŸl when grown with or
without growth factors. UCSD/AML1 cells were sensitive to TGF-ÃŸl in

hibition when grown with most cytokines but were relatively resistant to
TGF-ÃŸl in the presence of macrophage colony-stimulating factor (M-

CSF). Although cells grown from 5 of 6 AML patients were inhibited by
TGF-ÃŸl, cells from 1 AML patient were growth stimulated by TGF-ÃŸl in
the presence of granulocyte-macrophage colony-stimulating factor (GM-
CSF), M-CSF, or mast cell growth factor (kit ligand). Thus, 3 growth
patterns with TGF-ÃŸl were observed: (a) sensitivity to growth inhibition;
ih} resistance; and (c) factor-dependent resistance. Further studies
showed that AML-193 and I ( SI)/AMI I cells expressed type II TGF-ÃŸl
receptors and that ability of TGF-ÃŸl to decrease GM-CSF receptors did
not correlate with growth inhibition. AML-193 cells and UCSD/AML1
cells grown with M-CSF could be propagated in l ng/ml TGF-ÃŸl, but
UCSD/AML1 cells grown with GM-CSF and TGF-ÃŸl died. Morphology

and agarose gel analysis of DNA showed UCSD/AML1 cells underwent
apoptosis when grown with GM-CSF and TGF-ÃŸl but not with M-CSF
and TGF-ÃŸl. Similar studies of OCI-AML1 cells showed that TGF-ÃŸl
induced apoptosis of cells grown in 5637 bladder cell-conditioned medium
or GM-CSF. These studies indicate that human AML cells exhibit heter
ogeneous growth responses to TGF-ÃŸl and that some effects of TGF-ÃŸl on

myeloid cells occur through programmed cell death.

INTRODUCTION

The mechanisms by which human AML3 clones dominate normal

bone marrow remain largely undefined. Previous in vitro studies sug
gest blast colony-forming cells acquire self-renewing capabilities ab

sent from committed myeloid progenitors (1, 2) and more recent
studies demonstrate cytokine secretion by some AML blasts resulting
in autocrine or paracrine growth stimulation (3-8). However, cells

from most AML patients remain responsive to or dependent upon
exogenous growth factors in vitro, suggesting retained growth-factor
dependence (3, 5, 9-11). Previous studies also suggest that AML

blasts may be resistant to in vitro growth inhibition by some putative
negative regulators of normal myelopoiesis, such as acidic isoferritins
(12).

TGF-ÃŸl is a ubiquitous cytokine which inhibits in vitro growth of
a wide range of human epithelial and hemopoietic cells (13-24). More
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recent work suggests the actions of TGF-ÃŸl on myeloid cells are
complex. TGF-ÃŸlstimulates in vitro growth of some normal myeloid

progenitors (15, 17, 18, 20, 23) and inhibits others by an autocrine
mechanism (25). Most studies suggest early myeloid progenitors are
sensitive to TGF-ÃŸlinhibition (26, 27), while progenitors responding
to lineage specific cytokines such as G-CSF or erythropoietin are

relatively resistant or show enhanced growth (22, 24).
In murine myeloid leukemias, cell lines dependent upon IL-3 for

proliferation are inhibited by TGF-ÃŸl while cells responding to GM-
CSF are resistant (28). Other studies suggest effects of TGF-ÃŸl on
AML cells may be determined by TGF-ÃŸl-induced modulation of
IL-6 or GM-CSF cell surface receptors (29). Studies using human
AML cells (16, 30-32) indicate that some AML cell lines are resistant
to TGF-ÃŸl growth inhibition and that this resistance may correlate
with reduced TGF-ÃŸl receptors/cell (32). However, a single study
examining effects of TGF-ÃŸl on growth of AML blast cells from

patients showed inhibition of all cells tested (33).
In the present studies, we used factor-dependent human AML cell

lines and primary AML cells to examine TGF-ÃŸleffects on leukemia

cell growth stimulated by a broad range of cytokines. Three patterns
of response were observed: (a) inhibition of growth by TGF-ÃŸl

regardless of the cytokine used for stimulation; (b) resistance to
growth inhibition indifferent to cytokine stimulation; and (c) growth
factor-dependent resistance. We also show that growth factor depen
dent-resistance can be due to differences in TGF-ÃŸl-induced apopto

sis of AML target cells. Similar to other tumor cell systems, we
suggest these mechanisms of resistance to TGF-ÃŸlcells contribute to

AML cell dominance of normal marrow.

MATERIALS AND METHODS

Cell Culture. Factor-dependent human AML cell lines were grown as
previously described (34). AML-193 cells (35) were obtained from the Amer

ican Type Culture Collection and adapted for growth in RPMI 1640 supple
mented with 5% fetal bovine serum (Hyclone. Logan, UT) and 100 units/ml
GM-CSF. OCI-AML1 cells were kindly provided by Dr. Mark Minden, On

tario Cancer Institute. Toronto, Canada, and maintained in RPMI/20% FBS
with medium conditioned by 5637 bladder carcinoma cells (34). UCSD/AML1
cells were maintained in RPMI/10% FBS with 100 units/ml GM-CSF as

previously described (36). The surface marker phenotypes of these cell lines
are shown in Table 1. Peripheral blood or marrow mononuclear cells were
isolated from patients with AML and >60% circulating blasts and separated on

Ficoll/Hypaque as described (12). AML mononuclear cell preparations of
>90% blasts were plated into microtitre wells under conditions described
above and (3H]dThd uptake determined at the third day of culture (36). The

surface marker and FAB phenotypes of these cells are also shown in Table 1.
Cell Growth and Colony-forming Assays. To assess effects of growth

factors and TGF-ÃŸl on AML cell lines, cells were grown in cytokine-free

medium with FBS overnight and plated in the presence or absence of cytokines
and various concentrations of TGF-ÃŸl. ['H]dThd uptake was assessed after 3

days or viable cell counts determined by trypan blue dye exclusion (36). In
some experiments. UCSD/AML I cells were cultured with M-CSF or GM-CSF
alone or M-CSF or GM-CSF and l ng/ml TGF-ÃŸl for 3-7 days and colony-
formation in methylcellulose was assessed in the presence of 100 units/ml IL-3

(12) or viable cell counts monitored in liquid culture.
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Table I Phenotypes of cellsstudiedCell

linesUCSD/AML1

OCI-AML1CD7

CD13
CD14
CD15
CD33
CD19
CD34
CD38
CD45
CD71
HLA-DR

CD41a
Glycophorin65C

98
0

1316

0
59

0
100
63
23
5
0NT"

99
1

NT
1
0

93
99

100
84
83

0
0AML-1932

2
2

88
95

0
4
5

98
72
17
2

0PatientsCD7CD13CD14CD15CD33CD19CD34CD38CD45CD71HLA-DRCD41aGlycophorinFAB13601607000909521332M3248207471176595NT1268M731421643015961034CML/BC*41132121X922881100NT501NTM25187649793688795475401M46444007089189775NT8901M4

" NT, not tested.
* CML/BC, chronic myelogenous leukemia in blast crisis.
' Percentage of positive cells.

Cytokines. Recombinant GM-CSF, IL-3, MGF (kit ligand), and 1L-4 were

kindly supplied by Dr. Steven Gillis, Immunex, Inc., Seattle, WA. Recombi
nant M-CSF and IL-6 were kindly supplied by Dr. Steven Clark, Genetics

Institute Inc. Cambridge, MA. Optimal cytokine concentrations for growth of
factor-dependent cells were determined from dose-response curves and ranged

from 30 to 100 units/ml. The same concentrations were used in studies of
primary AML cells. Purified porcine platelet TGF-ÃŸl was obtained from R&D
Diagnostics (Minneapolis, MN) or recombinant bovine bone TGF-ÃŸl purified
as described (37). Responses to both forms of TGF-ÃŸl were identical. Neu
tralizing anti-GM-CSF antibody was obtained from R&D Diagnostics.

Poly mirasi' Chain Reaction. RNA was isolated from UCSD/AMLI and
AML-193 cells (38) and assessed for the presence of GM-CSF, M-CSF, or
c-fms transcripts by RNA polymerase chain reaction as described (39, 40).

Primers were obtained from Clontech, Inc., or prepared as described (40). 5637
RNA was used as a positive control for GM-CSF PCR and HL60 RNA as a
negative control. Plasmid DNA was used as a positive control for c-fins and
M-CSF assays according to the manufacturer's instructions.

Detection of TGF-ÃŸl Binding Proteins. AML-193 or UCSD/AMLI cells
were washed, resuspended in serum-free RPMI 1640, and incubated at 37Â°C

for 60 min. The cells were pelleted and resuspended in ice-cold binding buffer
(Dulbecco's modified Eagle's medium containing 0.1% bovine serum albumin

and 25 mm 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, pH 7.4) with
50 PM 125I-labeled TGF-ÃŸl (37) (specific activity, 4.56 X IO4cpm/ng) alone or
in the presence of 5-50-fold excess unlabeled TGF-ÃŸ1 for 4 h at 4Â°C.The cells

were then resuspended in 100 fig/ml disuccinimidyl suberate (Pierce Chemi
cal, Rockford, IL) to cross-link TGF-ÃŸl to cell surface binding proteins.

Membrane proteins were washed in 250 ITIMsucrose, 1 HIMEDTA, and 10 mm
Tris-HCl (pH 7.4) and lysed with 1% 3-[(3-cholamidopropyl)dimethylammo-
nio]-l-propanesulfonate in phosphate-buffered saline (pH 7.4) containing 1 ITIM
EDTA, leupeptin, and aprotinin for 15 min at 4Â°C.The supernatant was
clarified by centrifugation (10 min, 10,000 rpm) at 4Â°Cand aliquots repre

senting equal cell numbers run on 7.5% reducing polyacrylamide gels. TGF-ÃŸl

binding proteins were visualized by autoradiography of dried and stained gels.
Binding of Radiolabeled GM-CSF. To detect GM-CSF binding sites, cells

were cultured for 3 days without growth factors or with 100 units/ml M-CSF

in the presence or absence of l ng/ml TGF-ÃŸl.Cell viability by trypan blue dye
exclusion was >85%. The cells were washed, incubated with phosphate-

buffered saline (pH 3.0) for 5 min on ice to remove bound ligand, and
resuspended in Dulbecco's modified Eagle's medium containing 10 ng/ml

125I-GM-CSF (New England Nuclear, Boston, MA; specific activity, 111 fiCi/
Hg) for 24 h with constant rocking at 4Â°C.Nonspecific binding was assessed

in the presence of 500-fold excess unlabeled GM-CSF. The cells were then

washed, pelleted through a 75% fetal bovine serum cushion, and counted using
a gamma counter.

Cell Cycle Analysis. Cell cycle analysis was performed on propidium
iodine stained nuclei as previously described (41, 42).

Analysis of DNA Fragmentation. Briefly, cell pellets were lysed (0.5%
sodium dodecyl sulfate-0.1 M NaCI-1 HIMEDTA-0.05 MTris-HCl, pH 8.0) in
the presence of 0.1 mg/ml proteinase K for 18-24 h at 37Â°C.Samples were

extracted with chlorofornrisoamyl alcohol, precipitated with ethanol, treated
with DNase-free RNase for 3 h at 37Â°C,reextracted and reprecipitated, and

finally dissolved in 10 m.MTris-1 m.MEDTA, pH 7.4. DNA concentration was
measured by A2hHon a Beckman DU-40 spectrophotometer. Equal amounts of

DNA were electrophoresed on a 1.5% agarose gel containing 0.5 mg/ml
ethidium bromide and visualized by UV fluorescence.

Assessment of Programmed Cell Death (Apoptosis). Wright's-stained

cytospins were prepared from cell lines grown with or without cytokines and
with or without TGF-ÃŸl. The percentage of apoptotic cells was determined

from 200 cell counts by a single observer blinded to culture conditions (43,44).
Apoptotic cells were identified by characteristic chromatin condensation, cy-

toplasmic vacuolization, cell shrinkage (45), tinctorial changes with basophilic
dyes, and formation of apoptotic "bodies" (43). Apoptotic bodies were scored

only if they contained a nuclear fragment identified by the presence of well
circumscribed, deep purple to black staining material within the cytoplasm.
Selected samples were also fixed in glutaraldehyde and prepared for electron
microscopy to confirm the presence of cells undergoing apoptosis (43).

Statistics. Differences in GM-CSF binding were assessed using Student's /

test for paired variables. Differences between means were considered signifi
cant at P < 0.05.

RESULTS

Effects of TGF-ÃŸlon growth of factor-dependent human AML cell
lines were initially examined using [3H]dThd uptake. The cytokine

growth response phenotypes of these cells have been previously de
scribed (34). OCI-AML1 cells were inhibited by TGF-ÃŸl in a dose-

dependent manner, and the degree of inhibition was similar in the
presence or absence of cytokines. The 50% inhibitory concentration
values in the presence or absence of M-CSF, GM-CSF, G-CSF, MGF,
or IL-6 were approximately 0.3 ng/ml (data not shown). In contrast.
AML-193 cells were completely resistant to TGF-ÃŸl inhibition
whether grown in the presence or absence of IL-3, GM-CSF, or IL-6

(data not shown). In additional experiments, growth inhibition of
AML-193 cells was not observed at doses up to 10 ng/ml TGF-ÃŸl(2

experiments; data not shown).
UCSD/AMLI cells were inhibited by TGF-ÃŸl in the absence of

growth factors or in the presence of GM-CSF, IL-3, IL-6, or MGF,
with 50% inhibitory concentration values ranging 0.1-0.3 ng/ml. Rep
resentative data for GM-CSF are shown in Fig. 1. In contrast, these
cells were relatively resistant to TGF-ÃŸl in the presence of M-CSF
(Fig. 1). When cells were grown in a mixture of 100 units/ml GM-CSF
and 100 units/ml M-CSF, the response to TGF-ÃŸlwas identical to that
in M-CSF alone. Thus, 3 distinct growth response patterns to TGF-ÃŸl
were observed in factor-dependent human AML cells: (a) inhibition
indifferent to growth factors; (b) resistance; and (c) factor-dependent

resistance.
Growth assays using trypan blue negative cell counts confirmed

these patterns of response. In the presence of GM-CSF, AML-193 cell
growth was unaffected by l ng/ml TGF-ÃŸl (3 experiments; data not

shown). In contrast, UCSD/AMLI cell growth was inhibited when
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Fig. I. A. effects of TGF-ÃŸl on (3H]dThd up

take of UCSD/AML1 cells in the presence or ab
sence of cytokines. Results are the means of 4
experiments. SE for percentage of inhibition were
<\2%. Cells were cultured without additional
growth factor (â€¢),with GM-CSF 100 units/ml ( + ).
M-CSF 100 units/ml (*), or with IL-3 (100 units/
ml), IL-6 (100 units/ml) or MGF (100 units/mil.
Control ['H|dThd uptake: no growth factor, 7791
Â±1256cpm/2 X IO5 cells (mean Â±SE); GM-CSF.
34736 Â±7285; M-CSF, 38208 Â±7915. Percentage
growth inhibition by TGF-ÃŸlwas essentially iden
tical to that shown for GM-CSF in the presence of
IL-3 (37420 i. 16457 cpm/2 X IO5 cells); IL-6

(11667 Â±3913); and MGF (12457 Â± 1245). B,
growth of UCSD/AML1 cells with GM-CSF 100
units/ml (â€¢),M-CSF 100 units/ml (*). GM-CSF
with l ng/ml TGF-ÃŸl ( + ), or M-CSF with 1 ng/ml
TGF-ÃŸl (D). Results are means of 3 experiments.
Cell counts were assessed using trypan blue dye
exclusion.
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these cells were grown with GM-CSF and l ng/ml TGF-ÃŸl(Fig. IB).
In the presence of M-CSF and TGF-ÃŸl, UCSD/AML1 cells initially

grew more slowly but continued to proliferate. By the third day of
culture, cell counts in cultures with M-CSF or M-CSF and TGF-ÃŸl
were nearly equal, suggesting TGF-ÃŸlslowed but did not arrest these
cells. When cells were continuously grown with GM-CSF or M-CSF
and l ng/ml TGF-ÃŸl for 6-7 days, cell growth continued in M-CSF,
but few viable cells were found in cultures grown with GM-CSF. After

the initial period of slow growth, UCSD/AML1 cells could be con
tinuously cultured in l ng/ml TGF-ÃŸlwith M-CSF for several weeks.
These results were confirmed using colony-forming assays. After 3
days of culture with l ng/ml TGF-ÃŸl, colony-forming capacity of

UCSD/AML1 cells was reduced to 50% of control levels (2 studies)
when cells were grown with GM-CSF, but it was 130% of control for
cells grown with M-CSF.

We showed previously that combinations of GM-CSF and M-CSF

were not synergistic for growth stimulation of UCSD/AML1 cells
(36). AML-193 cells have also been reported to autosecrete GM-CSF
(35). To ensure that M-CSF responses were not an amalgam of re
sponses to M-CSF and autosecreted GM-CSF, RNA was isolated from
UCSD/AML1 and AML-193 cells and the presence of GM-CSF tran
scripts was assessed by RNA polymerase chain reaction. GM-CSF

transcripts were detected by RNA polymerase chain reaction in 5637

bladder carcinoma cells (40) but not in RNA from the AML-193 or
UCSD/AML1 cell lines (data not shown). UCSD/AML1 or AML-193
cells were also grown with neutralizing anti-GM-CSF antibody with
or without 100 units/ml GM-CSF. The antibody blocked >95% of
GM-CSF-stimulated growth in both cell lines but had no effect on
[3H]dThd uptake in the absence of exogenous GM-CSF (data not

shown). Both cell lines expressed c-fins (M-CSF receptor) RNA;
however, M-CSF transcripts were not detected in either AML cell line.

These results indicate that neither line is under detectable stimulation
by autocrine GM-CSF or M-CSF.

Prior reports of TGF-ÃŸleffects on primary AML cells cultured with
conditioned medium or GM-CSF showed that cell growth was inhib
ited by TGF-ÃŸl in all patient specimens, a response pattern similar to
OCI-AML1 cells (33). To assess whether responses similar to those
observed using AML-193 or UCSD/AML1 cells were encountered in

primary AML samples, peripheral blood or bone marrow mononuclear
cells from 6 AML patients (Table 1) were grown in liquid culture, and
responses to TGF-ÃŸlwere assessed in the presence of growth factors.

Five of 6 patients tested showed responses similar or identical to that
of the patient shown in Fig. 2A. Variable degrees of growth stimula
tion occurred with growth factors, but, similar to other studies using
primary AML cells (33), TGF-ÃŸl inhibited cell growth regardless of

which cytokine was present. However, cells from one AML patient
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Fig. 2. A, [3H]dThd uptake of blast cells from

patient 1 with AML cultured with various cytokines
in the presence or absence of TGF-ÃŸl. Growth fac

tors were used at concentrations stimulating maxi
mal growth of UCSD/AML1 cells (36). Although
blast cell growth with individual growth factors var
ied from patient to patient, similar percentage inhi
bition by TGF-ÃŸlwas seen using cells from 4 other
AML patients. Control (â€¢);TGF-ÃŸl,0.1 ng/ml (M);
TGF-ÃŸl, 0.3 ng/ml (D); TGF-ÃŸl, 1 ng/ml (^). B,
[3H]dThd uptake of peripheral blood blast cells

from patient 6 with AML in response to growth
factors and various concentrations of TGF-ÃŸl.
Growth responses and TGF-ÃŸl responses were re

producible using 2 separate peripheral blood speci
mens and 1 marrow specimen from this patient.
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showed enhanced growth with l ng/ml TGF-ÃŸl in the presence of
M-CSF, GM-CSF, or MGF (Fig. 2B). This pattern was reproducible

and demonstrated in two studies using the peripheral blood of the
patient and one study using his marrow. No examples were encoun
tered of factor-dependent resistance to TGF-ÃŸl similar to UCSD/

AML1 cells.
Some cells resistant to TGF-ÃŸl lack surface TGF-ÃŸbinding pro

teins (46). To assess whether the presence of different TGF-ÃŸl binding
proteins on UCSD/AML1 and AML-193 cells accounted for their
different responses to TGF-ÃŸl,ligand cross-linking using radiolabeled
TGF-ÃŸl was performed, and binding proteins were resolved on re
ducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Bands of Mr 80,000-90,000 consistent with the type II TGF-ÃŸlbind

ing proteins (47) were detected (Fig. 3), and competition with cold
TGF-ÃŸlsuggested that these proteins were present in equal or higher
numbers on AML-193 compared to UCSD/AML 1 cells. The presence

of a doublet at this molecular weight was consistently observed in 5
experiments. In addition, a binding protein of approximately A/r
200,000, consistent with a recently described, ubiquitous "type VI"

TGF-ÃŸlbinding protein was also detected (37). TGF-ÃŸlcross-linking
was also performed using UCSD/AML 1 cells grown with GM-CSF or
M-CSF, and binding was identical, suggesting that M-CSF did not
alter TGF-ÃŸl binding (data not shown).

Other studies using murine leukemia cells suggest that susceptibil
ity to growth inhibition may be due to TGF-ÃŸl-induced, decreased
binding of cytokines such as GM-CSF and IL-6 to their specific
receptors (29). Similar effects of TGF-ÃŸlon binding of other growth
factors have been described in solid tumors (48). Radiolabeled GM-
CSF binding to AML-193 and UCSD/AML1 cells grown without
growth factors was assessed before and after exposure to TGF-ÃŸl.As
shown in Table 2, AML-193 cells bound less GM-CSF than UCSD/
AML1 cells and TGF-ÃŸl induced a significant decrease in GM-CSF
binding to AML-193 cells. When UCSD/AML1 cells were grown
under similar conditions, TGF-ÃŸl significantly increased GM-CSF
binding (Table 2). To assess whether culture with M-CSF altered this
response, UCSD/AMD cells were grown in M-CSF and effects of
TGF-ÃŸl on GM-CSF binding assessed. Under these conditions,
TGF-ÃŸl had no effect on GM-CSF binding. Thus, TGF-ÃŸl induced
down-regulation of GM-CSF binding in resistant AML-193 cells but
not in TGF-ÃŸl sensitive UCSD/AML1 cells.

When we attempted to analyze effects of TGF-ÃŸl and growth

factors on UCSD/AML1 cell cycle status using DNA content (41, 42),
small, dense nuclei were observed to the left of the Go/G, peak. On the
basis of this observation and the cell growth patterns, we considered
the possibility that TGF-ÃŸl induced programmed cell death (apopto-

sis) (49) of UCSD/AML 1 cells. Therefore, DNA was extracted from
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Fig. 3. Binding of I25l-labclcd TGF-ÃŸl lo membrane proteins (arrows} of AML-193
(Lanes I and 2) or UCSD/AML1 (Lanes 4 and 5) cells detected on reducing polyacryl-

amide gel electrophoresis gels. Lanes 2 and 5, binding in the presence of 5 times excess
unlabcled TGF-ÃŸl. Lane 3 is blank. Numbers an the right, molecular weight markers

(kilodaltons). Similar results were obtained in 4 other experiments.

cell lines grown with growth factors alone or growth factors and 1
ng/ml TGF-ÃŸl for 1-3 days and electrophoresed on agarose gels.
DNA fragmentation in AML-193 cells consistent with apoptosis was

not observed under either culture condition (data not shown). In
contrast, DNA from UCSD/AML1 cells showed no or minimal DNA
fragmentation when grown with GM-CSF or M-CSF (data not
shown), but DNA fragmentation ("DNA ladder") consistent with ap

optosis was apparent when cells were cultured without growth factors
for 2 or 3 days (data not shown). DNA fragmentation was more
prominent when cells were grown without growth factor and with 1
ng/ml TGF-ÃŸl. DNA ladders consistent with apoptosis were also
apparent in cultures grown with GM-CSF and M-CSF and TGF-ÃŸlfor
1-3 days, but were more prominent in cells grown with GM-CSF (Fig.
44, Lanes 7-9). DNA ladders were observed in 4 other experiments
when cells were grown with GM-CSF and TGF-ÃŸl, but DNA frag

mentation was consistently reduced or absent when cells were grown
with TGF-ÃŸland M-CSF. Similar studies were performed using OCI-
AML1 cells. When these cells were grown with 5637 CM or GM-CSF,

no or minimal DNA fragmentation was observed. In contrast, cells
grown with l ng/ml TGF-ÃŸl for 3 days showed evidence of DNA

fragmentation consistent with apoptosis (Fig. 4B).
Although the presence of a DNA "ladder" indicated that UCSD/

AML1 cells underwent apoptosis after growth factor withdrawal or
TGF-ÃŸl treatment, these studies provided no quantitation of cells

undergoing apoptosis. Therefore, UCSD/AML1 cells were grown

with or without TGF-ÃŸland apoptotic cells morphologically enumer
ated on Wright-Giemsa stained cytospins. The presence of cells un

dergoing apoptosis was confirmed by electron microscopy (Fig. 5) as
previously described (43). Fig. 6 shows that a basal rate of 9% cells
undergoing apoptosis was detected in UCSD/AML1 cells grown with
GM-CSF or M-CSF. Apoptosis increased after growth factor with
drawal and was further increased by adding TGF-ÃŸl (Fig. 6). When
TGF-ÃŸlwas added to cultures containing GM-CSF, the percentage of
apoptotic cells more than doubled compared to cultures with GM-CSF

alone, but no detectable increase in apoptosis occurred in the presence
of M-CSF (Fig. 6). These results correlate well with cell growth

studies (Fig. IÃŸ)in which UCSD/AML1 cells serially passaged with
GM-CSF and TGF-ÃŸl died in culture. Thus, TGF-ÃŸl increased apo

ptosis of UCSD/AML1 cells grown without growth factors or with
GM-CSF, but this effect was abrogated or greatly attenuated by
M-CSF.

DISCUSSION

Although originally described as a negative regulator of normal
myeloid progenitor cell growth, recent studies showed effects of
TGF-ÃŸl on hemopoiesis are complex. TGF-ÃŸl inhibits growth of

most normal, early myeloid progenitors, but enhances granulopoiesis
from late myeloid progenitors and has little effect on terminal divi
sions of erythroid progenitors (22, 24). These varying responses may
be seen even when the same cytokines and receptors are used to
stimulate growth since early myeloid progenitors grown with GM-
CSF are inhibited by TGF-ÃŸl, while late myeloid progenitors stimu
lated by GM-CSF are resistant or growth stimulated (22, 26).

Previous studies using human AML cells suggested most cell lines
and the vast majority of cells from AML patients were sensitive to
TGF-ÃŸl growth inhibition (30-33). Rather than showing uniform
growth inhibition of AML cell growth by TGF-ÃŸl, the present studies
using factor-dependent human AML cell lines reflect heterogeneous
responses. Susceptible factor-dependent OCI-AML1 cells were inhib

ited regardless of which cytokine was used for growth stimulation.
Similar previous studies using other factor-dependent human AML
cells also showed that TGF-ÃŸl inhibited cell growth in the presence of
multiple cytokines (30, 31). The mechanism of AML-193 cell resis
tance or growth stimulation by TGF-ÃŸl was not apparent from these

studies. However, cells from one AML patient showed similar in vitro
growth responses (Fig. 2B) and similar responses to TGF-ÃŸl are

observed with late myeloid progenitors (22).
Resistance to TGF-ÃŸl growth inhibition may represent a form of

tumor progression (13, 14) and contribute to clonal expansion by
malignant cells. Multiple potential resistance mechanisms to TGF-
ÃŸlgrowth inhibition have been previously described. At least 9 TGF-ÃŸ
cell surface binding proteins have been identified by ligand cross-

linking (50). Three of these proteins have been well characterized: (a)
the type I binding protein is a glycoprotein MT50,000; (b) the type II

Table 2 GM-CSF binding by AML cell lines after culture tt-ith or without TGF-ÃŸl

Factor dependent AML cell lines were grown without growth factor or with 100
units/ml M-CSF in the presence or absence of l ng/ml TGF-ÃŸl. Binding of radiolabeled
GM-CSF was assessed at 4Â°Cfor 24 h

Mean Â±SEM (cpm/106 cells)

Control +TGF-ÃŸi P value

UCSD/AMLINo
growthfactorM-CSFAML-193No

growth factor4441124Â±

1921I60Â±215286

Â±941938

Â±48"1076

Â±215145

Â±34"<0.01<0.4<0.05

" Significantly different from control.
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3 4B

Fig. 4. A, agarose gel electrophoresis of DNA
from UCSD/AMLl cells grown with I ng/ml TGF-
ÃŸl.Lanes 1-3, cells grown with mi growth factor
for 1, 2, or 3 days, respectively; Limes 4-6, cells
grown with M-CSF days 1, 2, and 3; Lanes 7-9,
cells grown with GM-CSF days 1, 2, and 3. Size
markers: Ã€DNA Hindlll digest and <(jxl74 RF-
DNA Hae\\\ digest. B, agarose gel electrophoresis
of DNA from OCI-AML1 cells grown for 3 days
with GM-CSF (Lane 1), GM-CSF + 1 ng/ml
TGF-/31(Lane 2), 5637 CM (Lane.( ), or 5637 CM
+ TGF-ÃŸl(Lane 4).

binding protein is a glycoprotein Mr 80,000; and (c) the type III
protein (also known as betaglycan) is a protein of approximately Mr
250,000. The protein core of betaglycan binds TGF-ÃŸand contains a

short, 41 amino acid intracellular domain with no consensus sequence
for signal transduction. The type I and II proteins are most likely to be
involved in signal transduction (46, 51) and recent identification of the
type II sequence indicates that its intracellular domain has strong
homology to the family of serine/threonine protein kinases (47).

In the present studies, identical type II TGF-ÃŸl binding proteins
were detected on AML-193 and UCSD/AMLl cells. Thus, TGF-ÃŸl
resistance of AML-193 cells was not due to absent type II TGF-ÃŸl

surface receptors as has been reponed for some resistant tumor cells
(46, 50, 52). AML-193 cells also demonstrated down-regulation of
GM-CSF receptors in response to TGF-ÃŸl, indicating that failure to
down-regulate GM-CSF receptors did not account for TGF-ÃŸl resis
tance. Failure of UCSD/AMLl cells to down-regulate GM-CSF re-

Fig. 5. Electron micrograph of UCSD/AMLl
cells undergoing apoptosis after treatment with
TGF-/31. The cells undergoing apoptosis are evi
dent in this low power field (closed arrows). Open
arrows, secondary degeneration of apoptotic cells. . -7

- ;
â€¢¿�
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Fig. 6. Quantitalive estimates of UCSD/AML1
cells undergoing apoptosis. Morphological criteria
for scoring apoptotic cells are described in "Materi
als and Methods." Results are the means of 2-4

experiments. Cells grown without growth factor ( + );
cells grown without growth factor and with TGF-/31.
I ng/ml (*); cells grown with 100/units/ml GM-CSF
alone (D) or with l ng/ml TGF-ÃŸl (X); cells grown
with 100 units/ml M-CSF alone O) or with 1 ng/ml
TGF-ÃŸl (A).

Per cent apoptotic

Day

ceptors in response to TGF-ÃŸl (Table 2) also suggests that TGF-ÃŸ1-
induced down-regulation of GM-CSF binding is neither sufficient nor
required for growth inhibition. These results suggest that post-receptor
signaling events in AML-193 cells account for TGF-ÃŸl resistance.

UCSD/AML1 cells demonstrated relative resistance to TGF-ÃŸl in
the presence of M-CSF. As noted above, growth factor-dependent
resistance to TGF-ÃŸl has been demonstrated in murine leukemia and

normal myeloid cells (28). The remarkable aspect of the UCSD/
AML1 response is selective mediation of this response by M-CSF. We

previously suggested that the ability of some AML cells to proliferate
in response to cytokines such as M-CSF, which has limited or no

ability to stimulate normal myeloid progenitors when used alone, may
confer a proliferative advantage on leukemia clones (36). The present
studies suggest that this proliferative advantage could be multifacto-

rial and devolve not only from selective growth stimulation but also
from M-CSF-induced resistance to TGF-ÃŸl. As pointed out previ

ously (34, 36), because AML clones produce large populations of cells
with relatively homogeneous growth response phenotypes, the ability
of AML cells to grow in response to M-CSF and resist TGF-ÃŸl

inhibition could confer a proliferative advantage on AML cells.
UCSD/AML1 cells were not only inhibited by TGF-ÃŸl,but several

lines of evidence suggest that TGF-ÃŸlinduced programmed cell death

of these cells. This cell line may be unusual in demonstrating a
relatively high basal rate of spontaneous apoptosis (approximately
10%) with >90% vital dye exclusion when grown with growth fac
tors. However, basal rates of apoptosis have not been quantitated in
other factor-dependent myeloid cells. Since apoptotic cells exclude

vital dyes, similar rates of apoptosis may occur in comparable cell
lines even though they grow with high viability. Both qualitative
(DNA fragmentation) and quantitative measures of apoptosis demon
strated increased programmed cell death when UCSD/AML1 cells
were cultured with TGF-ÃŸl and GM-CSF or without growth factors.
In contrast, apoptosis was either delayed or prevented by M-CSF. The
ability of TGF-ÃŸl to induce apoptosis was confirmed in studies using
OCI-AML1 cells. Recent studies (53) showed that growth factor-
dependent TGF-ÃŸl-induced apoptosis also occurs in mouse myeloid

leukemia cells. These studies suggest that previously demonstrated
effects of autocrine TGF-ÃŸl on normal leukemic hemopoietic cells

may be mediated in part by programmed cell death (25).
Growth inhibitory effects of TGF-ÃŸl on some cells are reversible

(32). However, recent studies showed T-cells and thymocytes (54, 55)
and nonhemopoietic normal and malignant cells exposed to TGF-ÃŸl

undergo apoptosis (56-59). Very recent studies showed that growth-
arrested fibroblasts expressing high levels of the c-myc protooncogene

undergo apoptosis (55). We showed previously that UCSD/AML1
cells express high levels of c-myc (39). It is possible that apoptosis of
AML cells induced by TGF-ÃŸl and GM-CSF is related to cell cycle
arrest and control of c-myc expression. These possibilities are now

under investigation.
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