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ABSTRACT

We investigated the effects of tumor necrosis factor (TNF) a on the
human megakaryocytic leukemic cell lines Mo7e, Meg-01, and Dami/HEL.
Our data show that both type I and type II TNF receptors (TNF-RI and
TNF-RII) are expressed on all of these cells, and TNF-a significantly
stimulates the proliferation of growth factor-dependent Mo7e cells but not
of Meg-01 or Dami/HEL cells, which grow in a factor-independent man
ner. TNF-a serves predominantly as a mitogen for Mo7e cell proliferation

and does not induce Mo7e cell differentiation. Coincubation with both
TNF-a and anti-TNF-a neutralizing antibody completely abolishes the
TNF-a-induced proliferation of Mo7e cells. In bioassays, there is no

detectable level of other stimulatory cytokines in conditioned medium
from Mo7e cells previously stimulated by TNF-a, implying that the stim
ulatory effect of TNF-a on Mo7e cells is derived from the direct action of
TNF-a rather than via the induction of secondary cytokines by TNF-a.
Flow cytometric studies demonstrated that TNF-a binds to Mo7e cells
that have been pretreated with either anti-TNF-RI or anti-TNF-RII neu
tralizing antibody, but TNF-a does not bind to cells pre-exposed to both

receptor antibodies. However, the incubation of \1o7e cells with either
TNF-RI or TNF-RII neutralizing antibodies or with either soluble
TNF-RI or TNF-RII inhibits TNF-a-induced cell proliferation, indicating

the requirement of interactions with both TNF receptors for the mitogenic
activity of TNF-a. Furthermore, our data suggest that an alternative
signaling pathway may be involved in TNF-a-induced Mo7e cell prolif
eration, because the common mitogen-activated protein kinase (MAPK)

and signal transducer and activator of transcription (STAT) signaling
pathways activated by other cytokines that induce Mo7e cell proliferation
are not activated by TNF-a.

attributable to the ubiquity of their receptors, their ability to activate
multiple signal transduction pathways, and their ability to induce or
suppress the expression of a wide array of genes, including those for
growth factors and cytokines, transcription factors, receptors, inflam
matory mediators, and acute phase proteins (1, 2). These properties
and activities of TNFs have been the subject of numerous reviews (5,
10-12).

Due to the difficulty in obtaining sufficient numbers of megakaryo-

cytes from human bone marrow and the limited numbers of the
appropriate megakaryocytic cell lines, the effects of TNF-a on

megakaryocytopoiesis have not been well understood. Our current
interest in TNF-a stems from our work on megakaryocytopoiesis,
which showed that TNF-a stimulates the proliferation of megakaryo

cytic leukemic Mo7e cells in vitro. Therefore, we performed experi
ments to address the questions of whether the observed stimulation of
Mo7e cells is a direct effect of TNF-a. acting through TNF receptors,
and whether TNF-a induces Mo7e cell proliferation through the same

signaling pathways used by other cytokines.
Our data indicate that TNF-a significantly stimulates the prolifer

ation of megakaryocytic leukemic Mo7e cells. This stimulation is
mediated directly by TNF-a itself and requires the involvement of
both TNF-RI and TNF-RII. However, the binding of TNF-a to its

receptors does not stimulate the phosphorylation or activation of
either the MAPK or STAT signaling pathways in these megakaryo
cytic leukemic cells, indicating the involvement of alternative path
ways.

INTRODUCTION

TNFs3 are produced by neutrophils, activated lymphocytes, macro

phages, natural killer cells, endothelial cells, and smooth muscle cells
(1, 2). TNFs bind to specific cell surface receptors found on most
mammalian cells (3, 4), and the binding of TNFs to their receptors
transduces signals, resulting in a broad spectrum of biological effects
(1). On the other hand, overexpression of TNFs has been implicated
in playing a role in a number of pathological conditions (3, 5-9).

Recent extensive studies show that TNFs are extremely pleiotropic
factors, which can induce the growth inhibition of tumor cells, the
activation of phagocytic and endothelial cells, the induction of pros-

taglandins, alterations in lipid metabolism, and the regulated expres
sion of MHC antigens, oncogenes, and transcription factors (1,2). The
capability of TNFs to produce such a wide variety of effects is
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MATERIALS AND METHODS

Reagents. Recombinant human TNF-a, recombinant human GM-CSF, an-
tihuman TNF-a polyclonal neutralizing antibody (anti-TNF). polyclonul gout
anti-TNF-RI antibody, polyclonal anti-TNF-RII antibody, monoclonal anti-

TNF-RI or anti-TNF-RII neutralizing antibodies, and recombinant sRI and

sRII were purchased from R&D Systems (Minneapolis. MN). Antigoat IgG
antibody labeled with FITC was purchased from Zymed Laboratories (South
San Francisco, Ã‡A).Recombinant human IL-1, IL-3, IL-4, IL-6, and TPO were
purchased from PeproTcch (Rocky Hill. NJ). |methyl-'H]Thymidine (specific

activity, 70-86 Ci/mmol) was purchased from Amersham Lite Science (Ar

lington Heights. Illinois).
Cell Lines. The human Mo7e megakaryoblastic cell line, originally de

scribed by Avanzi et al. (13), was maintained in IMDM (Life Technologies,
Inc.. Grand Island, NY) containing 10% FBS, 1% glutamine, and 5 ng/ml
GM-CSF. The human Meg-01 megakaryoblastic leukemic cell line, originally

described by Ogura et al. (14), was maintained in RPMI 1640 (Lite Technol
ogies, Inc.) with 10% FBS. The human megakaryocytic cell line Dami,
originally described by Greenberg et al. (15), was maintained in IMDM with
10% horse serum. Recently, the American Type Culture Collection (Rockville.
Maryland) and the German Collection of Microorganisms and Cell Cultures
have determined that all samples of the Dami cell line that were available for
them to analyze were genetically and karyotypically identical to the previously
described human erythroleukemia cell line HEL (16, 17), which has both
erythroid and megakaryocytic characteristics. For clarity and tor comparison to
prior reports, we are designating this cell line as Dami/HEL cells in this report.
Both the Meg-01 and Dami/HEL cell lines were purchased from American

Type Culture Collection, and the Mo7c cell line was obtained from Genetics
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Institute (Boston, MA). In experiments to detect the effects of cytokines, Mo7e
cells were prepared by washing three times with serum-free medium and were
starved for 18 h in medium without cytokine (17). Meg-01 and Dami/HEL
cells were cultured in serum-free medium with 1X Nutridoma-HU (Boehringer

Mannheim, Indianapolis. IN) for 18 h before cytokine treatments.
Effects of TNF-a on Cell Growth. To determine the effects of TNF-a on

cell proliferation. DNA synthesis was measured by l'H]thymidine incorpora

tion in freshly prepared cells. The assays were performed in triplicate using a
total of 4 x 10s cells for Mo7e and Meg-01 cells or 2 x 10s cells for

Dami/HEL cells. Mo7e cells in IMDM with 10% PCS and Meg-01 and
Dami/HEL cells in medium with 1X Nutridoma-HU were cultured for 72 h in
the presence or absence of TNF-a or other cytokines. After that, the cells were
labeled with 4 p.Ci/m\ ['H]thymidine for an additional 4 h. The radioactivity

incorporated into DNA (cpm) was determined by a liquid scintillation counter
according to a previously described protocol (18). All assays for ['H]thymidine

incorporation were repeated at least three times. Some of our data from the
[3H]thymidine incorporation assays were also compared with those obtained

from the nonradioactive cell proliferation Wst-1 kit (Boehringer Mannheim).
Both methods yielded consistent results, but only the data from the ['H]thy-

midine incorporation assays are presented.
To investigate the specificity of TNF-a-induced cell proliferation, each cell

line was incubated with 0.2 ng/ml TNF-a and 0.15 Â¿ig/mlanti-TNF-a neu
tralizing antibody. The anti-TNF-a antibody at a concentration of 0.02-0.04
/Â¿g/mlneutralizes 50% of the biological activity of 0.25 ng/ml TNF-a.

For the analysis of cell ploidy, cytokine-starved Mo7e cells (1 x IO6

cells/ml) were cultured in medium with 10% FBS plus 4 ng/ml TNF-a, and
Meg-01 or Dami/HEL cells were cultured in medium plus 4 ng/ml TNF-a at
37Â°Cfor 1-10 days. The culture medium was exchanged every 3 days. The

treated cells were harvested on days 3, 5, 7, and 10. and nuclei were stained
with 5 ng/ml propidium iodide in PBS for 30 min. The DNA content of cells
was quantitated with a FACScan flow cytometer (Becton Dickson. Rutherford.
NJ) following a published protocol (19). Isolated human peripheral blood
mononuclear cells were used as a diploid control.

Identification and Neutralization of TNF Receptors. TNF receptors
were analyzed by indirect immunofluorescence. Mo7e cells (4 X IO6 cells/ml)

were incubated with 10 /ng/ml anti-TNF-RI antiserum or anti-TNF-RII anti-
serum for 45 min at 4Â°Cand subsequently stained with 25 /xg/ml antigoat

antibodies labeled with FITC following the company-recommended protocol.

The reactions were examined by fluorescence microscopy and analyzed with a
FACScan flow cytometer.

To determine the role of each TNF receptor in the stimulatory activity of
TNF-a, various amounts of anti-TNF-RI and anti-TNF-RII antibody were used

to neutralize the corresponding receptor on Mo7e cells. The neutralization
dose,,, (ND50) for the anti-TNF-RI antibody is approximately 3-6 /xg/ml in the
presence of 0.3 /xg/ml TNF-RI, and the ND50 for the anti-TNF-RII antibody is
0.5-1.5 Â¿ig/mlin the presence of 0.3 /xg/ml TNF-RII. The effects of sRI (0.25

Hg/ml) or sRII (0.5 fxg/ml), which was used to block the corresponding
receptor-binding site of TNF-a, on TNF-a-induced cell proliferation were
investigated by |'H]thymidine incorporation.

Bioassays of Potential Stimulatory Cytokines in Mo7e Conditioned
Medium. To examine whether TNF-a functions indirectly by inducing the
synthesis and/or release of other megakaryocyte-stimulating factors by Mo7e

cells, fresh Mo7e cells were used in a bioassay system to detect the presence
of possible stimulatory factors in Mo7e conditioned medium. The survival and

proliferation of Mo7e cells are dependent on the presence of at least one of
several growth factors including GM-CSF, IL-3, steel factor, IL-6, IL-9, and

TPO. Conditioned medium was prepared by collecting the culture medium in
which Mo7e cells were incubated with 0.2 ng/ml TNF-a for 72 h. The

conditioned medium was then incubated with freshly prepared Mo7e cells for
72 h, and Mo7e cell proliferation was determined by [3H]thymidine incorpo

ration. Because residual TNF-a in the conditioned medium would stimulate
Mo7e cell proliferation. 0.15 /xg/ml specific anti-TNF-a neutralizing anti-
serum was added to block the activity of any residual TNF-a. The results were
compared with those of conditioned medium from Mo7e cells without TNF-a

exposure (negative control) and those of Mo7e cells treated with 2 ng/ml
TNF-a not neutralized with anti-TNF-a antiserum (positive control).

Western Blot and Gel Mobility Shift Assays. The activity of MEK was
detected by the kinase-induced phosphorylation of a kinase-defective p42mapk
(K52R) labeled with ["P]ATP following a published protocol (20). For the

detection of tyrosine phosphorylation of MAPK, cells treated with or without
cytokines were boiled in SDS buffer. Total cellular proteins (30 ;ug) were
loaded into each lane and subjected to 10% SDS-PAGE. The separated

proteins were transferred to polyvinylidene difluoride membrane and probed
with an anti-PhosphoPlus MAPK antibody kit (New England Biolabs, Beverly,
MA). The phosphorylated MAPK was visualized with enhanced chemilumi-

nescence.
Activation of STATS was examined by gel mobility shift assays with

[12P]dCTP-labeled IRF-1 GAS (5'-GCCTGATTTCCCCGAAATGACGGCA-
3') as the probe. The preparation of nuclear extracts and gel mobility shift

assays was performed according to previously described methods (21).

RESULTS

TNF-a Stimulates Mo7e Cell Proliferation. To examine the ef
fects of TNF-a on cell proliferation, factor-dependent megakaryoblas-

tic leukemic Mo7e cells were incubated with various concentrations
of TNF-a for 72 h and labeled with [3H]thymidine for an additional

4 h. The results show that TNF-a stimulates the proliferation of Mo7e
cells in a dose-dependent manner. Mo7e cells treated with as little as
0.05 ng/ml TNF-a showed a 1.5-fold increase in [3H]thymidine

incorporation, and those treated with 0.2 ng/ml TNF-a showed a
7-8-fold increase in [3H]thymidine incorporation over that of control
cells not exposed to TNF-a or other cytokines. [3H]Thymidine incor

poration reached a maximum increase of nearly 10-fold over that of
controls when Mo7e cells were exposed to 2 ng/ml TNF-a for 3 days
(Fig. la, Mole). On the other hand, the same TNF-a treatment did not

Fig. 1. Effects of TNF-a on DNA synthesis in
Mo7e and Meg-01 cells, a, Mo7e and Meg-01 cells
were incubated with various amounts of TNF-a for
72 h and labeled wilh 2 /xCi/ml |'Hlthymidine. h.

Mole and Meg-01 cells were incubated with 2
ng/ml TNF-a for various lengths of time and la
beled with 2 /Â¿Ci/ml |'H|thymidine for 4 h.
I'HIThymidine incorporation was determined by

counting the radioactivity from triplicate samples
and expressed as the mean Â±SE (cpm) of 'H. The

results were similar in the three separate experi
ments performed.
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Fig. 2. Synergistic effect oÃTNF-a and IL-4 on Mo7e cell proliferation. Mo7e cells
were incubated at 37QC for 3 days with no cytokine (CTL), 0.2 ng/ml TNF-a (T-0.2nx).

0.05 ng/ml TNF-a (T-O.OSna), 0.05 ng/ml IL-4 UL-4). and 0.05 ng/ml TNF-a plus 0.05
ng/ml IL-4 (77VF + 114). |'H|Thymidine incorporation was determined from triplicate

samples and expressed as the mean Â±SE (cpm).
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Fig. 3. Effects of TNF-a on the ploidy of megakaryocytic leukemic Mo7e cells. Mo7e

cells were incubated (a) in absence of TNF-a or (fc| in presence of 4.0 ng/ml TNF-a for
1-10 days. On days 5, 7. and 10. the cells were harvested, and the nuclei were stained with
5 /ig/ml propidium iodide in PBS for 30 min. Flow cytometric analysis of stained Mo7e
cells was performed on the single cell suspensions. The percentages of cells in each phase
of the cell cycle were determined by cytometric acquisition of fluorescence in each peak.
Data from the 5-day treatments are displayed here. Similar results were obtained from
three experiments in which cells were treated with TNF-a for 5, 7. or 10 days.

increase of S-phase Mo7e cells with TNF-a treatment was consistent
with our previous observation of increased incorporation of [3H]thy-
midine in TNF-a-treated Mo7e cells (Fig. 1). Morphological exami
nation of Mo7e, Meg-01, and Dami/HEL cells after up to 10 days of
treatment with 4 ng/ml TNF-a alone or in combination with other
factors showed no visible signs of maturation in any of these three cell
lines (data not shown).

TNF-a Stimulates Mo7e Cell Proliferation Directly. To exam
ine the specificity of TNF-a-induced Mo7e cell proliferation, specific
anti-TNF-a antiserum was used to abolish TNF-a activity. The results
show that the stimulatory activity of TNF-a on Mo7e cell prolifera
tion can be completely abolished by coincubating the cells with
TNF-a (0.2 ng/ml) and anti-TNF-a neutralizing antibody (0.15 /j,g/
ml) simultaneously (Fig. 4, Lane 3), therefore confirming that the
stimulation of Mo7e cells is triggered by TNF-a.

To investigate whether TNF-a stimulates Mo7e cell proliferation
directly or does so indirectly by inducing other cytokines that have an
autocrine or paracrine stimulatory effect, freshly prepared Mo7e cells
were used in a bioassay system for potential proliferation-inducing
cytokines released by TNF-a-stimulated Mo7e cells. If other stimu
latory cytokines are induced and TNF-a does not have a direct
stimulatory effect on the proliferation of Mo7e cells, the addition of
specific anti-TNF-a neutralizing antibody should not affect the ability
of conditioned medium from Mo7e cells preincubated with TNF-a to
stimulate freshly prepared Mo7e cells. Alternatively, blocking the
Mo7e cell stimulatory activity of the conditioned medium with anti-
TNF-a neutralizing antibody would strongly suggest that the stimu
latory activity of the conditioned medium is directly derived from the
activity of the exogenous TNF-a that had been used in the first Mo7e
cell cultures. When Mo7e cells were incubated with conditioned
medium from TNF-a-stimulated Mo7e cells, a marked stimulation of
['H]thymidine incorporation was observed (Fig. 4. CM), which is

comparable to the stimulation induced by direct addition of TNF-a
alone (TNF-a). However, the stimulatory activity of the conditioned
medium can be attributed entirely to the residual TNF-a in the
conditioned medium. When freshly prepared Mo7e cells were incu
bated with both the conditioned medium and the anti-TNF-a antibody,
the stimulatory effect of the conditioned medium on Mo7e cell pro
liferation was eliminated (CM + AB). The results demonstrate that the
stimulation of Mo7e cell proliferation by TNF-a is derived solely

have any significant mitogenic effect on the growth factor-indepen
dent Meg-01 cells (Fig. la, Meg-01) or Dami/HEL cells (data not
shown). When Meg-01 and Dami/HEL cells were exposed to as much
as 20 ng/ml TNF-a. no increased incorporation of [3H]thymidine was

observed (data not shown).
Studies of the time course of TNF-a-induced stimulation of Mo7e

cell proliferation showed that the maximum stimulatory effect of 2
ng/ml TNF-a was reached on day 3 (Fig. \b, Mo7e). We also found
that TNF-a acts synergistically with other stimulatory cytokines,
including TPO, IL-3, IL-4 and IL-6, to stimulate Mo7e cell prolifer
ation. For example, 0.05 ng/ml of either TNF-a or IL-4 induces
1-2-fold increase in ['HJthymidine incorporation over that of control

cells. However, incubation of Mo7e cells with the same amounts of
both TNF-a and IL-4 induces an 8-fold increase over that of control

cells (Fig. 2).
We then investigated whether TNF-a induces the maturation of

megakaryocytic leukemic cells. When Mo7e cells (Fig. 3) or Meg-01
or Dami/HEL cells (data not shown) were incubated with 4 ng/ml
TNF-a for 5 or 10 days, no increase in cell ploidy was observed.
However, TNF-a treatment did induce an approximately 4-5-fold
increase in Mo7e cells in S phase of the cell cycle after incubation
with 4 ng/ml TNF-a for up to 5 days (compare Fig. 3, a and b). The

804

Fig. 4. Effects of anti-TNF-a neutrali/ing antibody on TNF-a-induced Mo7e cell
proliferation. Mo7e cells pretreated for 18 h in medium without cytokines were incubated
for 72 h with no cytokines (CTL). 0.2 ng/ml TNF-a as positive control (TW'-a), 0.2 ng/ml

TNF-a plus 0.15 ng/ml anti-TNF-a neutrali/ing antibody (T+AB). conditioned medium
collected from the culture of Mo7e cells previously stimulated with 0.2 ng/ml TNF-a
(CM), and conditioned medium plus 0.15 ng/ml anti-TNF-a neutralising antibody
(CM+AB). The cells then were labeled with ['Hjlhymidine for an additional 4 h.
[ *H)Thymidinc incorporation was determined from triplicate samples and expressed as the
mean Â±SE (cpm) of 'H. The results were similar in three separate experiments per

formed.
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Fig. 5. Expression of TNF-RI and TNF-R1I on Mo7e cells. Mo7e cells (1 X IO5) were

incubaled (a) wilh 10 pig/ml anti-TNF-RI antibody and (b) wilh 10 Mg/ml anti-TNF-RII
antibody. The cells were subsequently stained with antigoat IgG antibody labeled with
FITC. The reactions then were analyzed with a FACScan flow cytometer. The shaded
areas represent controls, and while areas represent cells treated with anlireceptor anti-
serum and fluoresceinaled second antibody.

from the activity of TNF-a, rather than the secondary induction of
other stimulatory factors in TNF-a-stimulated Mo7e cells.

Both TNF-RI and TNF-RII Are Required for TNF-a-induced

Mo7e Cell Proliferation. The expression of TNF receptors on
megakaryocytic cell lines was investigated. Flow cytometric analysis
using specific (non-cross-reactive) anti-TNF-RI or anti-TNF-Rll an

tibodies showed that both RI and RII are expressed on Mo7e cells

(Fig. 5, a and b). Similar results were observed on Meg-01 and

Dami/HEL cells (data not shown).
We then investigated the role of these receptors in TNF-a-induced

Mo7e cell proliferation. Flow cytometric analysis of TNF-a binding
(using fluoresceinated anti-TNF-a antibody) was performed on Mo7e
cells that had been preincubated with neutralizing anti-TNF-RI anti
body, anti-TNF-RII antibody, or both antibodies and was compared

with Mo7e cells not treated with either antibody. As shown in Fig. 6,
TNF-a binding to Mo7e cells preincubated with either anti-TNF-RI or
anti-TNF-RII antibody was comparable to or slightly less than that to
cells not exposed to either antibody. However, TNF-a binding was

not detectable on Mo7e cells pretreated with neutralizing antibodies to
both the RI and RII.

Next, we examined whether either TNF-RI or TNF-RII alone is
capable of transducing the proliferative signal from TNF-a Mo7e

cells, or whether interactions with both types of TNF receptors are
required. We used two separate approaches to address this question. In
one set of experiments, we used sRI and sRII, which have been shown
to bind TNF and interfere with the ability of TNF-a to bind to and

activate cell surface receptors. The results show that the incubation of
Mo7e cells with 0.2 ng/ml TNF-a plus either 0.25 /Â¿g/mlsRI or 0.5
/j,g/ml sRII alone abolishes TNF-a-induced cell proliferation (Fig. 7,

T+sRI and T+sRII). Control experiments showed that the soluble

receptors alone do not have any stimulatory effect on Mo7e cell
proliferation (Fig. 7, sRI and sRII). Our second approach to addressing
the issue of whether either TNF receptor type alone could transduce a
TNF-a signal or whether both RI and RII are required involved the
use of specific anti-TNF-RI and anti-TNF-RII monoclonal antibodies
to neutralize the TNF receptors. We confirmed the supplier's state

ment that the anti-TNF-RI and anti-TNF-RII neutralizing antibodies

each bind specifically to their corresponding TNF receptors with no
cross-reaction for each other in ELISA assays (data not shown). The
incubation of Mo7e cells with either TNF-RI or TNF-RII neutralizing
antibody inhibits TNF-a-induced cell proliferation in a dose-depen

dent manner (Fig. 8). The same concentrations of each antibody alone

Fig. 6. Effects of TNF-RI and TNF-RII neutralizing
antibodies on binding of TNF-a to Mo7e cells. Mo7e
cells (1 X 10') were incubated at 37Â°Cfor 30 min with

no antibody (No Antibody), 10 fig/ml anti-TNF-RI (An-
li-TNFRI), 5 (Â¿g/mlanti-TNF-RII antibody (Anti-TNF-
RH). or 10 fig/ml anti-TNF-RI antibody plus 5.0 ng/ml
anti-TNF-RI] (Anii-TNFRI & RII). The cells were then
incubated with 2 ng/ml phycoerythrin-labeled TNF-a
for I h and subsequently analyzed with a FACScan
flow cytometer. The shaded areas represent controls,
and the solid lines enclosing open areas represent cells
treated with phycoerythrin-labeled TNF-a with or with
out neutralizing antireceplor antisera.
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Fig. 7. Effects of soluble TNF receptors on TNF-a-induced Mo7e cell proliferation.

Mo7e cells were incubuted at 37Â°Cfor 3 days with no cytokine (CTL). 0.2 ng/nil TNF-a

(TNF-a}. 0.2 ng/ml TNF-a and 0.25 ng/ml sRI (T+sRI). 0.2 ng/ml TNF-a and 0.5 ng/ml
sRII (T+sRll), 0.25 ng/ml sRI alone (sRl). or with 0.5 |ug/ml sRII alone (sRII). Ã¯'HfThy-

midine incorporation was determined from triplicate samples and expressed as the
mean Â±SE (cpm). The results were similar in the three separate experiments performed.

When STAT activation in Mo7e cells treated with TNF-a was
examined with gel mobility shift assays using specific STAT-binding

oligonucleotides, the results showed that the STAT signaling pathway
is not activated by TNF-a (Fig. 10, TNF), although there is marked
activation of STATS by TPO (Fig. 10, TPO), IL-3 (data not shown),
or GM-CSF (data not shown). In Meg-Ol and Dami/HEL cells,

constitutive activation of STATS was detected in cells without cyto
kine exposure and was not augmented by TNF-a or TPO (Fig. 10).

Mo7e Cell Proliferation Is Not Induced by IL-1. IL-1 and
TNF-a have been reported to have many similar biological activities

(25, 26) and to have stimulatory effects (probably indirectly) on
megakaryocyte progenitors in vivo (27). However, Mo7e cells incu
bated with various concentrations of IL-1 for 72 h and labeled with
[3H]thymidine for an additional 4 h did not show any significant
increase of [3H]thymidine incorporation over that of control cells, nor

did IL-1 have any effect on cell ploidy in any of the three cell lines
(data not shown). IL-1 also failed to show any synergistic or additive
effect on the TNF-a-induced proliferation of Mo7e cells (data not

shown).

100.

80.

60-

4U-,

20.

TNF-a 0.0 0.2
Anti-sRI

Anti BRII

0.2 0.2 0.2 0.2 0.2 0.2 0.2 ng/ml
1.0 5.0 10.0 .... ug/ml

0.5 1.0 2.5 5.0 (ig/ml

Fig. 8. Effects of TNF-RI and TNF-RII neutralizing antibodies on TNF-a-induced
Mo7e cell proliferation. Mo7e cells were incubated at 37Â°Cfor 3 days with no TNF-a
(Lane I), 0.2 ng/ml TNF-a only (Lane 2), 0.2 ng/ml TNF-a plus I.O-IO fig/ml anti-
TNF-Rl antibody (Lanes 3-5). 0.2 ng/ml TNF-a plus 0.5-5.0 ng/ml anti-TNF-RII anti
body (Ltmes 6-9). [ lH]thymidine incorporation was determined from triplicate samples

and expressed as the mean Â±SE (cpm). The results were similar in the three separate
experiments performed.

that permitted TNF-a binding to Mo7e cells as shown in Fig. 6 (10
/ig/ml anti-TNF-sRI or 5 /j,g/ml anti-TNF-sRII) abolished TNF-a-

induced Mo7e cell proliferation (Fig. 8, Lanes 5 and 9).
MARK and STAT Signaling Pathways Are Not Activated by

TNF-a in Mo7e, Meg-Ol, and/or Dami/HEL Cells. It has been
reported that the MAPK signaling pathway is activated by TNF-a in

fibroblasts, macrophages, neutrophils, lymphocytes, and myocytes
(22-24). Therefore, we wanted to determine whether MAPK pathway
activation might be involved in the TNF-a-induced proliferation of
Mo7e cells. We found that TNF-a fails to activate MEK in Mo7e or
Meg-Ol cells (Fig. 9, TNF) or in Dami/HEL cells (data not shown),

although MEK activation is induced in the same cell lines after
treatments with IL-3 (Fig. 9, IL-3), GM-CSF (data not shown), or
TPO (data not shown). In experiments to determine whether TNF-a

induces the phosphorylation of p44/p42 MAPK, our data also show
that the phosphorylation of MAPK is barely detectable in all these cell
lines before exposure to TNF-a and is not induced by treatment with
TNF-a (data not shown).

DISCUSSION

The findings from the present study are summarized as follows: (a)
our data clearly show that TNF-a alone and synergistically with other

stimulatory cytokines stimulates proliferation of the megakaryoblastic
leukemic cell line Mo7e. TNF-a acts predominately as a mitogen for

the growth of Mo7e cells and does not induce Mo7e cell differenti
ation; (b) the stimulatory activity is specifically derived from the
direct action of TNF-a. rather than via the induction of other cyto
kines by TNF-a: (c) both TNF-RI and TNF-RII are expressed on
Mo7e cells, and both of them are required for TNF-a-induced cell

proliferation; and (cl) the STAT signaling pathway and the reported
TNF-a-induced common MAPK signal transduction pathway in

volved in either cell killing or stimulation in other cell systems
(28-30) are not activated by TNF-a in Mo7e, Meg-Ol, or Dami/HEL

cells, indicating the involvement of alternative signaling pathway(s).
The effect of TNF-a on megakaryocytopoiesis is not well under

stood. A very limited number of in vivo studies show that TNF-a has

stimulatory effects on megakaryocytopoiesis. the administration of
TNF-a and IL-1 to mice, separately or simultaneously, increased the
number of megakaryocytic progenitor cells (CFU-Meg) in the spleen

(27, 28). Slordal et al. (29) reported that the platelet counts in

Mo7e Meg - 01

MEK

CTL IL-3 TNF CTL IL-3 TNF
Fig. 9. Effects of TNF-a on MEK activation in Mo7e and Meg-Ol cells. Left. Mole

cells were incubated with no cytokines as a negative control (CTL), 10 ng/ml IL-3 as a
positive control (//.-.*). and IO ng/ml TNF-a (TNF). Righi, Meg-Ol cells were incubated
with no cytokines as a negative control (CTL), 10 ng/ml IL-3 as a positive control (IL-3),
and 10 ng/ml TNF-a (TNF). MEK activity was detected by the kinase-induced phospho
rylation of a kinase-defeclive p42mal* (K52R) labeled with (<;!P|ATP. Phosphorylation of

K52R bands is used as Ine readout to detect activated MEK.
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Fig. 10. Effects of TNF-a on the activation of STATS in Mo7e, Meg-01, and
Dami/HHI. cells. Nuclear extracts from M07e. Meg-01. and Dami cells grown in the
absence ot cytokinc (CTÃ•.)or in the presence of 40 ng/ml TPO {TPO} or 10 ng/ml TNF-a
(TNF) were incubated with <JP-labeled IRF-1 GAS oligonucleotide. The STAT5-DNA

complex and unbound probes were separated electrophoretically on .V/i native polyacryl-
amide gels. The autoradiograph shows the activated STAT DNA-hinding factor (
and nonspecific bands (A/5).

irradiated mice recover more rapidly with TNF-a treatment. The data

from in vitro studies on normal megakaryocytes isolated from animals
are divergent. By using the whole population of bone marrow cells
and measuring CFU-Meg, Dan et al. (27) observed that TNF-a had no
significant effects on CFU-Meg colony growth in vitro. Lu et al. (30)
reported that TNF-a suppressed CFU-Meg colony growth. Snoeck et
al. (31) demonstrated a positive role of TNF-a in the proliferation of
human CD34+ progenitor cells. Our data here show that TNF-a

significantly stimulates the proliferation of megakaryocytic leukemic
Mo7e cells in a dose-dependent manner. Akiyama et al. (32) also

observed that the colony formation of human megakaryocytic leuke
mic CMK cells was stimulated by TNF-a. Apparently, the involve
ment of TNF-a in the growth of megakaryocytic leukemia cells is a

more general phenomenon that is not restricted to Mo7e cells.
There are two distinctive TNF receptors. TNF-RI and TNF-RI1, and

both of them show high-affinity binding of either TNF-a or TNF-ÃŸ

(33, 34). Some experiments also suggest the existence of epitopes on
the receptors that are specific for TNF-a and TNF-ÃŸ(35). We found
that both TNF-RI and TNF-RII are expressed on all of the megakaryo

cytic leukemic cell lines that we examined. The physiological signif
icance of the existence of these two different receptors for TNF-a is

not well understood. Some reports have suggested that RI is probably
responsible for the cytotoxic activity of TNF-a, whereas RII is re

sponsible for generating proliferation and regulatory signals in lym

phocytes (33-35). In the case of TNF-a-induced cytotoxicity, there is

no clear evidence that interaction between the two receptor types is
necessary for signal transduction. However, in our study using
megakaryocytic leukemic cells, it is most interesting that both TNF
receptor types are involved in and required for the TNF-a-induced

proliferation of leukemic Mo7e cells. Our data demonstrate that
TNF-a can bind to both TNF-RI and TNF-RII on Mo7e cells, but it
cannot bind to Mo7e cells when both TNF-RI and TNF-RII are

neutralized by antibody treatment. However, in spite of the ability of
TNF-a to bind to the cells when only one of the types of TNF receptor
(TNF-RI or TNF-RII) is neutralized by antibody exposure, our exper

iments show clearly that the incubation of Mo7e cells with either sRI
or sRII alone to neutralize TNF-a or with either anti-TNF-RI or
anti-TNF-RII antibodies alone to neutralize the corresponding TNF
receptors abolishes the activity of TNF-a. Thus, it is clear that
although TNF-a can bind to cells that have only one of the two known
types of TNF receptors available for TNF-a binding. TNF-a cannot
induce a proliferative signal in Mo7e cells unless both TNF-RI and
TNF-RII are available for binding TNF-a. Interestingly, Tartaglia et

al. (36) reported a ligand passing model in which the TNF binds
transiently to the RII. which then hands it off to the RI, through which
the signal for apoptosis is delivered (36). At this time, we do not know
whether the TNF-a-induced cell proliferation in megakaryocytic leu

kemic cells shares the same or similar regulation mechanisms as those
of TNF-a-induced cytotoxicity. However, our findings raise intrigu
ing questions regarding the receptor-ligand pairs that make up the

TNF system.
Our studies show both TNF-RI and TNF-RII are also expressed on

growth factor-independent leukemic Meg-01 and Dami/HEL cell
lines. However, TNF-a treatment does not have a significant stimu

latory effect on proliferation and does not induce either differentiation
or apoptosis in these cell lines. Through as-yet-unidentified mecha
nisms, Meg-01 and Dami/HEL cells can grow vigorously in the

absence of any growth factors or cytokines. We have found that not
only TNF-a but also many other factors, such as IL-3, GM-CSF, IL-4,
IL-6, and TPO. all fail to alter cell cycle progression, cell prolifera
tion, differentiation, or cell death in these factor-independent leuke
mic cell lines. The high level of cytokine-independent growth and the

aberrant constitutive signaling pathway activation in these cell lines
may obscure any potential cytokine-induced cell proliferation. In a
bioassay system using the proliferation of Mo7e cells as read-out, the
conditioned medium from either Meg-01 or Dami/HEL cells does not

show any stimulatory effect on Mo7e cell growth (data not shown).
Furthermore, the addition of anti-TNF-a or anti-IL-3 neutralizing

antibodies does not affect cell proliferation. These data imply that
mechanisms other than autocrine growth factor stimulation may con
tribute to factor-independent growth for Meg-01 or Dami/HEL cells.

Our data demonstrate a direct stimulatory effect of TNF-a on the

growth of Mo7e cells and the required involvement of both the RI and
RII in this proliferative effect. However, we do not know how TNF-a

and its receptors transduce a signal that results in stimulation of Mo7e
cell proliferation. Although the MAPK and JAK2/STAT5 signaling
pathways are activated by other growth factors that stimulate Mo7e
cell proliferation, such as TPO, IL-3, and GM-CSF, our data on Mo7e
cell proliferation induced directly by TNF-a show that neither the

MAPK nor the JAK/STAT signaling pathways are activated by
TNF-a. To our knowledge, there are no reports concerning the mech
anism of TNF-a signaling in megakaryocytopoiesis. Identification of
the TNF-a signaling pathway(s) that may be be responsible for Mo7e

cell proliferation and determination of whether there is activation of
the same pathway(s) by other proliferation-inducing growth factors

are issues that are currently under investigation in our lab. Mo7e cells
as well as growth factor-independent megakaryocytic leukemic cell
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lines are useful model systems to determine the significance and
molecular mechanisms of action of TNF-a in leukemic megakaryo-

cytes and other malignant hemopoietic cells. Although such studies
may also eventually provide important insights into normal
megakaryocyte and platelet production, the relevance of these find
ings to normal megakaryocytopoiesis remains subject to speculation.
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