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Resistance of bone marrow-derived macrophages to apoptosis is associated
with the expression of X-linked inhibitor of apoptosis protein in primary

cultures of bone marrow cells
Hong LIN, Catheryne CHEN and Ben D.-M. CHEN'

Division of Hematology—Oncology, Department of Internal Medicine, and Barbara Ann Karmanos Cancer Institutes, Wayne State University School of Medicine, Detroit,

MI 48201, U.S.A.

In this study we investigated the underlying mechanisms that
confer resistance on mature macrophages with the use of
macrophage colony-stimulating factor (M-CSF)-induced bone
marrow-derived macrophages (BMDM). In the presence of
M-CSF, immature precursor cells were induced to undergo pro-
liferation and differentiation into mature macrophages in vitro
with cell morphology similar to that of tissue macrophages by
day 7-10. Immunoblot analyses showed that bone marrow
precursors express appreciable levels of caspase-3 and caspase-9
but no or very low levels of c-fins (M-CSF receptor) and the
apoptosis regulators X-linked inhibitor of apoptosis protein
(XIAP), c-IAP-1, Bcl-2 and Bax. The differentiation of BMDM
is associated with a steady and gradual increase in the levels of
c-fims, XIAP, c-IAP-1, Bcl-2 and Bax, reaching maximal levels by
day 7. However, the levels of caspase-3 and caspase-9 stayed
essentially unchanged even after prolonged incubation (more
than 10 days) with M-CSF. Unlike bone marrow precursor cells,

mature BMDM (day 7-10) were resistant to apoptosis induced
by M-CSF depletion, which includes the activation of caspase-3
and caspase-9 and the degradation of XIAP, Bcl-2 and Bax
proteins in the process. Treatment of day 7 BMDM with XIAP
anti-sense oligonucleotides (oligos), but not sense oligos, partly
abolished their resistance to apoptosis. By using a gel-shift assay
and a specific nuclear factor «B (NF-«B) inhibitor, we demon-
strated that NF-«B activity is responsible for the up-regulation
of XIAP in M-CSF-treated macrophages. In addition, treatment
of starved macrophages with M-CSF induced a rapid
phosphorylation of Akt kinase before the activation of NF-«B.
Our results showed that XIAP is one of the anti-apoptotic
regulators that confer resistance on mature macrophages by
M-CSF.

Key words: caspase, differentiation, macrophage, M-CSF,
nuclear factor-«B.

INTRODUCTION

Macrophages are ubiquitous cells with central roles in the innate
immune responses. They are important accessory cells for many
immune reactions that are crucial in the defence against invading
pathogens. Tissue macrophages are derived from bone marrow
myeloid stem cells via blood monocytes by complicated processes
involving both cell replication and differentiation. A group of
haemopoietic growth factors are required for the growth and
production of mature end-cells from primary cultures of bone
marrow cells. Among this group of growth factors, macrophage
colony-stimulating factor (M-CSF, also known as CSF-1) is the
growth factor that acts primarily on bone marrow precursors
committed to the monocytic lineage [1,2]. In addition, M-CSF
can prolong the survival of monocytes and enhances their func-
tional activities in vitro [3]. The biological effects of M-CSF are
mediated through a unique tyrosine kinase receptor, M-CSF
receptor (M-CSFR), encoded by the proto-oncogene c-fins, which
is the cellular counterpart of the v-fins oncogene [4]. The presence
of macrophage progenitors is demonstrated in semi-solid agar
cultures of bone marrow cells containing M-CSF in which
immature precursor cells are induced to undergo extensive
proliferation and differentiation, giving rise to macroscopic
colonies composed of differentiated macrophages after 7-10 days
in culture [5].

Apoptosis, or programmed cell death, is a normal physiological
cell suicide process that is evolutionarily conserved in all animals
[6]. The execution of cellular apoptosis involves the activation of
a cascade of intracellular cysteine proteases known as caspases.
Caspases are initially synthesized as inactive proenzymes; ac-
tivation involves the proteolytic cleavage of proenzymes into
smaller active subunits. A number of downstream effector
caspases cleave specific cellular substrate proteins and mediate
the deliberate disassembly of the cell into apoptotic bodies,
facilitating the demise of the cell [7].

Other controllers of apoptosis are the Bcl-2 family proteins,
which function upstream of caspases by either promoting or
suppressing their protease activities. Bcl-2 and Bax are the two
prototype members of this large family of proteins, with Bcl-2
being the apoptosis inhibitor and Bax the apoptosis promoter.
Although the detailed mechanism is unknown, it is thought that
they form protein dimers with each other; the relative ratio of
these two proteins can determine the balance between life and
death [8,9]. Recent studies have revealed yet another group
of intracellular proteins that negatively regulate apoptosis
execution, primarily by interfering with the caspase cascade.
Proteins of the inhibitor of apoptosis (IAP) family are a group of
anti-apoptotic proteins that are highly conserved across several
species [10]. They can block apoptotic events by directly binding
and inhibiting selected caspases. So far at least six human IAP

Abbreviations used: BMDM, bone marrow-derived macrophages; CAPE, caffeic acid phenylethyl ester; EMSA, electrophoretic mobility-shift assay;
FBS, fetal bovine serum; IAP, inhibitor of apoptosis; IkB; inhibitory xB; M-CSF, macrophage colony-stimulating factor; M-CSFR, M-CSF receptor;
NF-«xB, nuclear factor «B; oligos, oligonucleotides; PEM, peritoneal exudate macrophage; XIAP, X-linked inhibitor of apoptosis protein.
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Figure 1 Induction of apoptosis in BMDM and PEM cells by M-CSF
depletion

Bone marrow non-adherent cells were cultured in the presence of M-CSF (10 ng/ml) for various
periods. At the times indicated, cells were removed, washed and cultured in M-CSF-free medium
for 24, 48 and 72 h. Upper panel: at the end of the incubation period, cell viability was
determined with the Trypan Blue uptake method. Lower panel: apoptotic cell numberss were
determined by morphological examination after staining with Acridine Orange. For each sample,
200 cells were counted. Data are means + S.D. for duplicate experiments. Note the resistance
to apoptotic cell death by day 7 adherent cells and PEM cells after the removal of M-CSF.
Symbols: @, day 0 non-adherent cells; O, day 2 non-adherent cells; W, day 2 adherent
cells; \/, day 7 adherent cells; I, PEM cells.

family proteins have been described [NAIP, cIAP-1, cIAP-2, X-
linked inhibitor of apoptosis protein (XIAP), survivin and BIR
repeat-containing ubiquitin-conjugating enzyme (‘BRUCE’)]
[11-15].

A potent mammalian TAP is XIAP, for which the mechanism
of action involves the direct inhibition of caspase-3 and caspase-
7, two key effector proteases of the apoptosis pathway [13,16].
Wagenknecht et al. [17] showed that overexpression of XIAP,
but of not cIAP-1 or cIAP-2, can block caspase-3 processing and
prevent apoptosis in LN-18 and LN-229 glioma cells. Xu et al.
[18], in contrast, reported that the overexpression of XIAP in
CA1 neurons can prevent apoptosis and allow proper functions
after ischaemic insult in these cells. Results from other studies
suggest that the expression of IAP genes might be under the
regulation of nuclear transcription factor B (NF-«B). Tran-
scription factors that comprise the NF-<B/Rel family are im-
portant regulators of immune and inflammatory responses
[19,20]. A critical step in the control of NF-«B is the site-specific
phosphorylation of its inhibitor, inhibitory «B (IxB), which
targets the latter for degradation by the ubiquitin—proteasome
pathway [21]. NF-xB is involved in conferring resistance to
apoptosis induced by various stimuli [22-24]. Up-regulation of
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cIAP-1 and cIAP-2 might offer one explanation for the anti-
apoptosis effect associated with NF-«B activation [25,26].

The survival of bone marrow stem cells in vitro is strictly
dependent on exogenous growth factors. However, tissue macro-
phages can sustain a much longer life span in vitro without the
addition of exogenous growth factors [27]. In the present study
we examined the importance of XIAP and the development of
anti-apoptotic mechanisms during macrophage differentiation in
a primary cell model of bone marrow-derived macrophages
(BMDM). We now report that macrophage differentiation is
associated with an enhanced expression of an anti-apoptotic
protein, XIAP, which confers on mature macrophages the ability
to resist apoptosis induced by M-CSF depletion.

MATERIALS AND METHODS
Reagents

Recombinant human M-CSF was generously provided by Cetus
Corp. (Emeryvill, CA, U.S.A.). FBS (fetal bovine serum) was
purchased from HyClone Laboratory. Anti-(human XIAP) anti-
body was a product of Medical and Biological Laboratories Co.
(Medical and Biological Laboratories, Naka-ku, Nagoya, Japan).
Anti-(Bcl-2), anti-(caspase-3) and anti-Bax antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
U.S.A.). Anti-(caspase-9) antibody was purchased from
PharMingen (San Diego, CA, U.S.A.). Akt and phospho-Akt
(Ser473) antibodies were products of New England BioLabs
(Beverly, MA, U.S.A.). Caspase-9/Mch6 and caspase-3 colori-
metric protease assay kits were purchased from MBL and
CalBioChem Co. (San Diego, CA, U.S.A.) respectively. Second-
generation anti-sense oligonucleotides (oligos) and phosphoro-
thioate sense oligonucleotides were synthesized by Oligos Etc.
(Wilsonville, OR, U.S.A.). Oligomer sequences were based on
the published mouse X-linked inhibitor of apoptosis (miap-3)
mRNA sequence [28], which is near the N-terminal translation
initiation site of miap-3. The sequences were as follows: 5-CCT
TCA AAA CTG TTA AA-3’ (anti-sense), 5-TTT AAC AGT
TTT GAA GG-3’ (sense) and 5-ATC TTC AAC TAG TAC
AA-3" (scramble). Oligomers were dissolved in water at a
concentration of 10 mM and kept at —70 °C until needed.
Caffeic acid phenylethyl ester (CAPE) was obtained from Alexis
Biochemicals (San Diego, CA, U.S.A.).

Collection of mouse bone marrow cells

Female DBA/2J mice 6-8 weeks of age were obtained from
Jackson Laboratory (Bar Harbor, ME, U.S.A.). Mouse bone
marrow cells were collected from femoral shafts by flushing with
3 ml of cold RPMI-1640 containing 159, (v/v) FBS[29-31]. The
cell suspensions were passed up and down six times through an
18-gauge needle in RPMI-1640 to disperse cell clumps. Adherent
bone marrow cells were removed by incubation at 37 °C for 4 h
in T-75 Falcon culture flasks. The non-adherent bone marrow
cells were then cultured in RPMI-1640 containing 159%, (v/v)
FBS and 10 ng/ml M-CSF. Peritoneal exudate macrophage
(PEM) cells were harvested by peritoneal lavage with 5 ml of
RPMI-1640 3 days after one intraperitoneal injection of 1.5 ml of
fluid thioglycollate medium (Difco Laboratories, Detroit, MI,
U.S.A.). The yield of exudate cells varied from 107 to 2.5 x 107
cells per lavage, of which more than 609, were identified as
mononuclear phagocytes. Non-adherent exudate cells were re-
moved by repeated washes after incubation of the cells at 37 °C
for 2 h in T-25 flasks or 35 mm culture dishes.
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Figure 2 Expression of XIAP and apoptosis-related proteins during differentiation in BMDM

(R) Bone marrow non-adherent cells were cultured in the presence of M-CSF (10 ng/ml) for various periods. At the times indicated, adherent cells were removed from the cultures, counted, washed
and lysed with SDS sample buffer. Samples were subjected to SDS/PAGE and immunoblot analyses with individual antibodies against c-Fms, XIAP, clAP-1, Bcl-2, Bax, caspase-9, caspase-3 and
actin (left panel). Densitometry readings of the blots are expressed in arbitrary units (right panel). (B) Bone marrow adherent (AD) cells and non-adherent (NA) cells from the adherence selection
step of bone marrow collection were counted, washed and lysed with SDS sample buffer. Samples were subjected to SDS/PAGE and immunoblot analyses as above. The expression of XIAP and

Bcl-2 was detected.

Caspase activity assay

The measurement of caspase-9/Mch6 or caspase-3 activity was
performed exactly as described previously [32]. 4,,, of samples
was read in a spectrophotometer with a 100 ul quartz cuvette.
Control cultures without cell lysates were used as controls. Fold
increases in caspase-9 or caspase-3 activities were determined by
comparison with the level of controls.

Western blot analysis

After protein determination, total cell lysates (4 x 10° cells) were
boiled in 10 xl of SDS gel-loading buffer for 10 min. The samples
were subjected to one-dimensional SDS/PAGE. After electro-
phoresis, proteins were transferred to a 0.2 ym pore-size nitro-
cellulose membrane (Schleicher & Shuell, Keene, NH, U.S.A.) at
4 °C and 14 V overnight or at 40 V for 2 h. Non-specific binding
sites on the nitrocellulose membrane were blocked by incubation

in blocking buffer [5 %, (w/v) non-fat dried milk] for 2 h at room
temperature or overnight at 4 °C. The blots were washed once
with Tris-buffered saline [10 mM Tris/HCI (pH 7.5)/150 mM
NaCl] and incubated for 2h at room temperature with the
primary antibody. After the removal of excess primary antibody
with three washes, the blots were incubated with a secondary
antibody (goat anti-mouse or goat anti-rabbit antibodies conju-
gated with horseradish peroxidase). The membrane was de-
veloped with enhanced chemiluminescence reagent and exposed
to Hyperfilm-ECL® (Amersham Life Science Corp.) for de-
tection.

Electrophoretic mobility-shift assay (EMSA)

DNA-binding protein extractions were performed as described
in detail previously [33]. In brief, 5 x 10® cells were washed once
with cold PBS and suspended in 400 xl cold lysis buffer [10 mM
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Hepes/KOH (pH 7.9)/1.5mM MgClL,/10 mM KCl/0.5 mM
dithiothreitol/1 x protease inhibitor cocktail] with constant
flicking of the tube. The cells were allowed to swell on ice for
15 min, then vortex-mixed vigorously for 10 s. The homogenate
was centrifuged at 3000 g for 30 s; the supernatant fraction was
discarded. The nuclear pellet was resuspended in 50 ul of ice-cold
nuclear extraction buffer [20 mM Hepes/KOH (pH 7.9)/259%,
(v/v) glycerol/420 mM NaCl/1.5 mM MgCl,/0.2 mM EDTA/
0.5 mM dithiothreitol/1 x protease inhibitor cocktail] and incu-
bated on ice for 20 min for high-salt extraction. The mixture was
centrifuged for 5 min at 4 °C; the supernatant (nuclear extract)
was either used immediately or stored at —70 °C.

EMSA was performed by incubating 5 ug of nuclear extract
with *?P-labelled NF-«B p50 oligos, 5'-GCC ATG GGG GGA
TCC CCG AAG TCC-3" (Geneka Biotechnology, Montreal,
Canada) for 25 min at room temperature in reaction buffer
[10 mM Tris/HCI (pH 7.5)/50 mM NaCl/1mM dithiothreitol/
1 mM EDTA/59, (v/v) glycerol]. The DNA-protein complexes
formed were separated from free oligos on 49, (W/v) native
polyacrylamide gel containing 50 mM Tris/HCI, pH 7.5, 0.38 M
glycine and 2 mM EDTA. The gel was dried and bands were
detected by autoradiography.

RESULTS

Induction of apoptosis in BMDM by withdrawal of exogenous
M-CSF

After the removal of adherent cells, non-adherent bone marrow
cells containing macrophage progenitor cells were cultured in
growth medium containing M-CSF for various periods. In the
presence of M-CSF, non-adherent bone marrow cells began to
proliferate, with a fraction of them being rapidly transformed
into adherent cells in as little as 12 h. After 72 h of incubation,
more than 50 9, of the cells in cultures were adherent cells with
monocyte/macrophage morphology. They continued to replicate
and grow into mature macrophages with distinct pseudopodia and
a cytoplasmic vacuole. By day 7, over 959, of the total cells
in cultures were differentiated, mature macrophages. The survival
of the bone marrow-derived cells obtained from various differen-
tiation stages was examined. Cells were washed extensively with
warm medium to remove exogenous M-CSF, after which they
were cultured without M-CSF for various periods. As shown in
Figure 1 (upper panel), freshly obtained non-adherent bone
marrow cells were the most vulnerable; in the absence of
exogenous M-CSF for 72 h more than 959, of them were dead.
Morphological examinations after staining with Acridine Orange
showed that cell death was mediated through an apoptotic
mechanism (Figure 1, lower panel). Immature macrophages
obtained from day 2 cultures also were highly dependent on M-
CSF for survival. In contrast, more than 80 9, of the differentiated
macrophages from day 7 cultures were still alive after the removal
of M-CSF for the same period (Figure 1, upper panel). Similarly,
PEM cells were highly resistant to apoptosis in cultures without
M-CSF.

Development of anti-apoptotic mechanism during macrophage
differentiation

The preceding experiments showed that progenitor cells in the
bone marrow are highly dependent on exogenous growth factors
for their survival and growth. To gain insight into the mechanisms
used by mature macrophages to protect themselves from under-
going apoptosis, we studied the expression of a number of
apoptosis-related gene products (XIAP, c-IAP-1, Bcl-2, Bax,
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Figure 3 Effect of M-CSF removal on the expression of XIAP, Bcl-2, Bax
and caspases

After extensive washes, day 2 and day 7 BMDM were cultured in the absence of M-CSF for
various periods. At the times indicated, cells were removed, washed and lysed in SDS sample
buffer. Cell lysates were subjected to immunoblot analyses with antibodies against XIAP,
Bcl-2, Bax, caspase-9 and caspase-3. Note the degradation of XIAP, Bcl-2, Bax and caspases in
day 2 BMDM after depletion of M-CSF. Abbreviation: AD, adherent.
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Figure 4
M-CSF

Induction of caspase-9 and caspase-3 activation by removal of

After extensive washing, day 2 non-adherent cells (2dNA), day 2 adherent cells (2dAD) and day
7 adherent cells (7dAD) were cultured in the absence of M-CSF for 24 h. Thereafter, cells were
washed and lysed for caspase-9 (left panel) and caspase-3 (right panel) assays with specific
colorimetric substrates (Leu-Glu-His-Asp-pNA for caspase-9 and Ac-Asp-Glu-Val-Asp-pNA for
caspase-3). Results are means+S.D. for duplicate experiments. Filled columns, M-CSF
removed at 0 h; open columns, M-CSF removed at 24 h.

caspase-3 and caspase-9) in BMDM obtained from different
stages of differentiation. As shown in Figure 2(A), immature
macrophage progenitor cells, including day 1 immature adherent
cells, displayed very low levels of c-fims product, a macrophage-
specific marker, and four apoptosis-related gene products XIAP,
c-IAP-1, Bcl-2 and Bax. The levels of these products increased
steadily during the culture periods. From day 1 to day 10 the
levels of XIAP, c-IAP-1, Bcl-2 and Bax along with c-fins product
increased severalfold as the cells became differentiated (Figure
2A). In contrast, high levels of caspase-3 and caspase-9 were
detected in freshly obtained bone marrow cells as well as in
immature day 1 adherent cells. Further, no significant changes
in the levels of caspase-3 and caspase-9 were noticed during the
differentiation of BMDM from day 1 to day 10. Because adherent
bone marrow cells obtained in the adherence selection step
contain, at least in part, monocytes in several stages of differen-
tiation, we analysed the expression of XIAP and Bcl-2 in this cell
population. As shown in Figure 2(B), high levels of XIAP and
Bcl-2 were detected in adherent cells but not in non-adherent
cells.
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Figure 5 XIAP anti-sense oligos promote M-CSF-depletion-induced apoptosis in day 7 BMDM

(R) Day 7 BMDM were treated with various doses of XIAP anti-sense oligos or control oligos [sense (S) and anti-sense (AS) scramble] as indicated in the presence (+) or absence (—) of
M-CSF for 24 h. Apoptotic cells were determined by morphological examination after staining with Acridine Orange; 200 cells were scored per sample. Results are means + S.D. for duplicate
experiments. (B) Inhibition of XIAP expression by anti-sense oligos. Day 7 BMDM were treated with increasing doses of anti-sense oligos or control oligos for 24 h in the presence or absence
of M-CSF. At the end of the treatment, cells were washed and lysed; the total cell lysates were immunoblotted for XIAP. The same blot was washed, stripped and reprobed for caspase-3 with
anti-caspase-3 antibodies. Note the degradation of caspase-3 in BMDM treated with anti-sense oligos.

Cytokine depletion-induced apoptosis is associated with the
activation of caspase-3 and caspase-9

To understand better the underlying mechanisms of apoptosis,
we compared the changes in several apoptosis gene products in
day 2 and day 7 BMDM. After extensive washes, day 2 and day
7 BMDM were cultured in the absence of M-CSF for 24-72 h.
As shown in Figure 3, the removal of M-CSF from the culture
medium resulted in a gradual degradation of XIAP, Bcl-2 and
Bax in day 2 BMDM. By 48 h they were all barely detectable. In
contrast, no appreciable changes in the levels of XIAP, Bcl-2 and
Bax in day 7 BMDM were noticed, even after 72 h of incubation
without M-CSF. In addition, the levels of caspase-3 and caspase-
9 were decreased in day 2 BMDM, but not day 7 BMDM, after
the removal of M-CSF. Prolonged incubation in the absence of
M-CSF for 72 h resulted in a complete degradation and loss
of both caspase-3 and caspase-9 in day 2 BMDM.

Caspases are activated during apoptosis by multiple proteolytic
cleavages of the precursor forms to generate smaller enzymically
active complexes [34]. Thus the degradations of caspases shown
in Figure 3 suggest that caspase activation had occurred. To
confirm that both caspase-3 and caspase-9 were activated in day
2 BMDM by the depletion of M-CSF, we directly measured the
activity of caspase-3 and caspase-9 with a colorimetric assay on
day 2 non-adherent cells and day 2 BMDM after the removal of

M-CSF for 24 h. As expected, both caspase-3 and caspase-9
activities were increased sharply in day 2 non-adherent cells and
BMDM, but not in day 7 BMDM (Figure 4), in agreement with
results shown in Figure 3.

Promotion of apoptosis in BMDM by XIAP anti-sense oligos

To establish further the role of XIAP in conferring resistance to
apoptosis on mature BMDM, we employed an anti-sense
approach with ‘second-generation’ anti-sense oligos that are
resistant to serum and cellular nucleases. Treatment of day 7
BMDM with XIAP anti-sense oligos for 20 h abolished their
resistance to apoptosis induced by the removal of M-CSF (Figure
5A). At the highest dose of anti-sense oligos (10 #M) used in this
study, more than 609, of the day 7 BMDM were induced to
undergo apoptosis, in comparison with 20-309, death in cells
treated with either sense or anti-sense scramble oligos. The
efficacy of anti-sense oligos in decreasing the levels of XIAP in
day 7 BMDM was examined by using an immunoblot analysis
with anti-XIAP antibody. As shown in Figure 5(B), XIAP anti-
sense oligos, but not sense or anti-sense scramble oligos, effec-
tively suppressed the expression of XIAP in the day 7 BMDM.
That cell death induced by treatment with anti-sense oligos was
mediated through caspase activation was demonstrated by rapid
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Figure 6 M-CSF up-regulate XIAP expression through activation of NF-«B in BMDM and PEM

(A) Effect of M-CSF and CAPE on the activation of NF-«xB. After starvation in M-CSF-free medium for 24 h, day 7 BMDM were treated with M-CSF (100 ng/ml) for various periods as indicated
or with various doses of CAPE for 24 h. After treatment, cells were lysed and nuclear extracts were isolated, followed by a mobility-shift assay with [-**P]JATP-labelled NF-xB consensus sequence
(p50) probe. Furthermore, the nuclear extract of day 7 BMDM treated with M-CSF for 15 min was subjected to gel-shift assay including unlabelled wild-type NF-«xB p50 oligos or mutant oligos.
(B) Suppression of XIAP and induction of apoptosis in day 7 BMDM by CAPE. After the removal of exogenous M-CSF, day 7 BMDM were cultured in the presence (QO) or absence (@) of CAPE
(25 pg/ml) for various periods as indicated. At the end of the incubation period, cell viability was determined after staining with Acridine Orange (left panel). Cell lysates from CAPE-treated samples
were further subjected to an immunoblot analysis with anti-XIAP antibody (right panel). Note the disappearance of XIAP in CAPE-treated BMDM. (C) Induction of XIAP in PEM cells by M-CSF.
After starvation in M-CSF-free medium for 24 h, PEM cells were treated with M-CSF (100 ng/ml) for 0, 8, 16 and 24 h. Total cell lysates were immunoblotted for XIAP. (D) Suppression of
M-CSF-induced XIAP expression by CAPE. After starvation in M-CSF-free medium for 24 h, PEM cells were treated with or without CAPE for 3 h before the addition of M-CSF (100 ng/ml). After an
additional 8 h of treatment, cells were lysed with SDS sample buffer and immunoblotted for XIAP. (E) M-CSF induces Akt activation in PEM cells and BMDM. After starvation in medium containing
1% (v/v) FBS for 24 and 12 h respectively, PEM cells and BMDM were treated with M-CSF (100 ng/ml) for 5, 15, 30 and 60 min. Total cell lysates were immunoblotted for Akt and
phospho-Akt.

sistance to apoptosis in maturity. In the preceding experiment we
noted that the addition of M-CSF prevented the decrease in
XIAP level in day 7 BMDM that had been treated with anti-
sense oligos and decreased apoptosis induced by XIAP anti-sense
treatment (Figure 5). These observations led us to hypothesize

degradations of caspase-3 in day 7 BMDM that had been treated
with XIAP anti-sense oligos (Figure 5B).

Up-regulation of XIAP expression by M-CSF is mediated through

the activation of NF-xB

The preceding experiments established that the expression of
XIAP is associated with macrophage differentiation and re-
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that M-CSF is involved in the activation of the NF-«B pathway
and up-regulation of XIAP during macrophage differentiation. To
test this hypothesis, we performed EMSA by incubating 5 ug of
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nuclear extracts obtained from M-CSF-treated BMDM with
32P-labelled NF-«B p50 oligos (5-GCC ATG GGG GGA TCC
CCG AAG TCC-3"). As shown in Figure 6(A), NF-xB was
indeed activated within 15 min in BMDM on treatment with
M-CSF. In another experiment we used CAPE, a specific inhibitor
of NF-«B, to block the activation of NF-«B induced by M-CSF.
As expected, treatment of day 7 BMDM with CAPE resulted in
a marked decrease in the levels of XIAP after the removal of
M-CSF. The decrease in XIAP induced by CAPE treatment was
accompanied by cell death through an apoptotic mechanism
(Figure 6B). The effect of M-CSF in up-regulating the levels of
XIAP also was demonstrated in freshly obtained mouse PEM
cells, which expressed high levels of XIAP. They were starved in
medium containing 59, (v/v) FBS for 24 h, then treated with
M-CSF (100 ng/ml) for various periods. As shown in Figure 6(C),
the level of XIAP was elevated markedly after stimulation with
M-CSF. In contrast, treatment of PEM cells with CAPE
(25 ug/ml) for 3 h before the addition of M-CSF completely
abolished the up-regulation of XIAP induced by M-CSF (Figure
6D).

A number of recent studies (for example [35]) suggest that the
activation of Akt kinase can prevent apoptosis induced by
various stimuli. We therefore examined whether Akt activation
has a role in conferring resistance on M-CSF-treated cells. The
activation of Akt was monitored by immunoblot analysis with
monoclonal antibody against active phosphorylated Akt
(p-Akt). PEM cells express high levels of Akt proteins but no
phosphorylated Akt proteins. Treatment with M-CSF induced a
rapid phosphorylation of Akt (5 min) in PEM cells that had been
starved in M-CSF-free medium for 24 h (Figure 6E). However,
the levels of total Akt proteins were not affect by M-CSF
treatment. To confirm that Akt activation had certain effects on
M-CSF-induced resistance, we re-added M-CSF (100 ng/ml)
into day 7 BMDM cells that had been starved in M-CSF free
medium with 1% (v/v) FBS for 12h. Similarly, a rapid
phosphorylation of Akt was detected (5 min) in BMDM after the
re-addition of M-CSF (Figure 6E).

DISCUSSION

Using a cell model of BMDM, we showed that immature
macrophages and their precursors lack an anti-apoptotic mech-
anism. They expresses no or very low levels of XIAP, cIAP-1
and Bcl-2, all of which are crucial in protecting the cells from
undergoing apoptosis. Expression of these anti-apoptotic regu-
lators is associated with the stage of macrophage differentiation.
The levels of XIAP, cIAP-1, Bcl-2 and Bax in BMDM were
increased markedly during differentiation, reaching maximum
levels after 7-10 days in cultures containing M-CSF, whereas
those of caspase-3 and caspase-9 stayed essentially constant. Cell
death induced by cytokine depletion in immature cells was
mediated through the activation of caspase-9 and caspase-3,
both of which are highly expressed in these cells and their
precursors. These findings suggest that apoptosis in undifferen-
tiated cells by M-CSF-depletion might be mediated through a
cytochrome c-dependent pathway, involving the activation of
both caspase-9 and caspase-3 in the process [34]. Mature BMDM
and tissue-derived macrophages are highly resistant to apoptosis
induced by M-CSF depletion. Both cell populations express high
levels of caspase-9 and caspase-3, comparable to that detected in
bone marrow progenitor cells. However, no activation of either
caspase, and hence apoptosis, was observed in these cells after
the removal of M-CSF from the culture medium.

We employed an anti-sense approach to investigate further the
importance of XIAP in conferring resistance to apoptosis on

mature macrophages. Treatment of day 7 BMDM with XIAP
anti-sense oligos for 20 h led to a marked down-regulation of
XIAP proteins, and promoted apoptosis. The effect of anti-sense
oligos in lowering the expression of XIAP is highly specific. Both
sense and anti-sense scramble oligos did not lower the levels of
XIAP in BMDM. However, treatment with anti-sense oligos
cannot completely overcome the resistance to apoptosis in mature
macrophages. At the highest concentration (10 xM) used in this
study, treatment with anti-sense oligos caused a complete down-
regulation of XIAP but induced only approx. 609, of mature
BMDM to become apoptotic (Figure 5). This finding led us to
speculate that other anti-apoptotic proteins such as cIAP and
Bcl-2, both of which were up-regulated during macrophage
differentiation, are operative and essential in conferring resistance
on differentiated macrophages. Of relevance to our finding is a
recent study by Perlman et al. [36] showing that macrophage
differentiation is associated with the up-regulation of FLICE-
inhibitory protein (Flip), a naturally occurring caspase-inhibitory
protein, which confers resistance to Fas-mediated apoptosis.

In the present study, several lines of evidence suggest that the
up-regulation of XIAP is under the regulation of NF-«B in
M-CSF-treated cells: (1) M-CSF induced an elevated nuclear
NF-«B activity in treated BMDM;; (2) the activation of NF-«<B
induced by M-CSF was inhibited by CAPE, a potent
NF-«B inhibitor, and (3) inhibition of NF-«B activity resulted
in the down-regulation of M-CSF-induced XIAP up-regulation.
Further, we showed that M-CSF could partly prevent the down-
regulation of XIAP in BMDM treated with anti-sense oligos
(Figure 5). The role of NF-«<B in conferring resistance to
apoptosis also has been reported in other cell models. In a recent
study, Hida et al. [37] showed that differentiation of U937 cells
induced by PMA is associated with an increased expression of
XIAP through the NF-«B pathway. Further, Chu et al. [26]
reported that the suppression of tumour necrosis factor-o-
induced cell death by cIAP-2 is under NF-«B regulation. These
findings indicate that the anti-apoptotic effect of NF-«B is
mediated through the up-regulation of IAPs and perhaps other
anti-apoptotic proteins in response to various stimuli in these cell
models.

The exact mechanism by which M-CSF activates NF-«B is not
known. A critical step in the activation of NF-«B is the site-
specific phosphorylation of its inhibitor, kB, by IxB-kinase
(IKK) [38]. A recent study showed that Akt is necessary for the
activation of NF-xB through the phosphorylation of IKK [39].
In the present study we have shown that M-CSF induced a rapid
phosphorylation of Akt before the activation of NF-«B both in
mouse tissue-derived macrophages (PEM cells) and in BMDM
(Figure 6E), suggesting that the Akt pathway is involved in
M-CSF-induced NF-«B activation. Further, by using NIH 3T3
fibroblasts expressing human M-CSF receptors, Kelley et al. [40]
showed recently that M-CSF promotes cell survival through the
Akt-induced inhibition of caspase-9 activation. Taken together,
these findings support the notion that the induction of NF-«B is
mediated through the activation of I«B kinase by Akt kinase in
M-CSF-treated macrophages.

This work was supported by Public Health Service grant CA 73212 awarded by the
National Cancer Institute, U.S. Department of Health and Human Services.

REFERENCES

1 Stanley, E. R, Berg, K. L., Einstein, D. B., Lee, P. S., Pixley, F. J., Wang, Y. and
Yeung, Y. G. (1997) Biology and action of colony-stimulating factor-1. Mol. Reprod.
Dev. 46, 4-10

© 2001 Biochemical Society



306

H. Lin, C. Chen and B. D.-M. Chen

20

21

22

Motoyoshi, K., Takaku, F., Mizoguchi, H. and Miura, Y. (1978) Purification and some
properties of colony-stimulating factor from normal human urine. Blood 52,
1012—-1020

Becker, S., Warren, M. K. and Haskill, S. (1987) Colony-stimulating factor-induced
monocyte survival and differentiation into macrophages in serum-free cultures.

J. Immunol. 139, 37033709

Hamilton, J. A. (1997) CSF-1 signal transduction. J. Leukoc. Biol. 62, 145—155
Kerst, J. M., Slaper-Cortenbach, I. C., von dem Borne, A. E., van der Schoot, C. E.
and van Oers, R. H. (1992) Combined measurement of growth and differentiation in
suspension cultures of purified human CD34-positive cells enables a detailed analysis
of myelopoiesis. Exp. Hematol. 20, 1188—1193

Vaux, D. L, Haecker, G. and Strasser, A. (1994) An evolutionary perspective on
apoptosis. Cell 76, 777—779

Cohen, G. M. (1997) Caspases: the executioners of apoptosis. Biochem. J. 326,
1-16

Oltvai, Z. N., Milliman, C. L. and Korsmeyer, S. J. (1993) Bcl-2 heterodimerizes in
vivo with a conserved homolog, Bax, that accelerates programed cell death. Cell 74,
609619

Otter, 1., Conus, S., Ravn, U., Rager, M., Olivier, R., Monney, L., Fabbro, D. and
Borner, C. (1998) The binding properties and biological activities of Bcl-2 and Bax

in cells exposed to apoptotic stimuli. J. Biol. Chem. 273, 61106120

Deveraux, Q. L. and Reed, J. C. (1999) IAP family proteins — suppressors of
apoptosis. Genes Dev. 13, 239252

Rothe, M., Pan, M. G., Henzel, W. J., Ayres, T. M. and Goeddel, D. V. (1995) The
TNFR2—TRAF signaling complex contains two novel proteins related to baculoviral
inhibitor of apoptosis proteins. Cell 83, 1243—1252

Duckett, C. S., Nava, V. E., Gedrich, R. W., Clem, R. J., Van Dongen, J. L., Gilfillan,
M. C., Shiels, H., Hardwick, J. M. and Thompson, C. B. (1996) A conserved family of
cellular genes related to the baculovirus iap gene and encoding apoptosis inhibitors.
EMBO. J. 15, 2685-2694

Liston, P., Roy, N., Tamai, K., Lefebvre, C., Baird, S., Cherton-Horvat, G., Farahani,
R., McLean, M., Ikeda, J. E., MacKenzie, A. and Korneluk, R. G. (1996) Suppression
of apoptosis in mammalian cells by NAIP and a related family of IAP genes. Nature
(London) 379, 349-353

Ambrosini, G., Adida, C. and Altieri, D. C. (1997) A novel anti-apoptosis gene,
survivin, expressed in cancer and lymphoma. Nat. Med. (N. Y.) 3, 917-921

Hauser, H. P., Bardroff, M., Pyrowolakis, G. and Jentsch, S. (1998) A giant ubiquitin-
conjugating enzyme related to IAP apoptosis inhibitors. J. Cell Biol. 141, 1415-1422
Deveraux, Q. L., Takahashi, R., Salvesen, G. S. and Reed, J. C. (1997) X-linked IAP is
a direct inhibitor of cell-death proteases. Nature (London) 388, 300304
Wagenknecht, B., Glaser, T., Naumann, U., Kugler, S., Isenmann, S., Bahr, M.,
Korneluk, R., Liston, P. and Weller, M. (1999) Expression and biological activity of
X-linked inhibitor of apoptosis (XIAP) in human malignant glioma. Cell Death Differ.
6, 370-376

Xu, D., Bureau, Y., McIntyre, D. C., Nicholson, D. W, Liston, P., Zhu, Y., Fong, W. G.,
Crocker, S. J., Korneluk, R. G. and Robertson, G. S. (1999) Attenuation of ischemia-
induced cellular and behavioral deficits by X chromosome-linked inhibitor of
apoptosis protein overexpression in the rat hippocampus. J. Neurosci. 19,
5026—5033

Baeuerle, P. A. and Henkel, T. (1994) Function and activation of NF-kappa B in the
immune system. Annu. Rev. Immunol. 12, 141179

Hatada, E. N., Krappmann, D. and Scheidereit, C. (2000) NF-«B and the innate
immune response. Curr. Opin. Immunol. 12, 52—58

Karin, M. (1999) How NF-«B is activated: the role of the IxB kinase (IKK) complex.
Oncogene 18, 6867—6874

Beg, A. A. and Baltimore, D. (1996) An essential role for NF-«B in preventing
TNF-a-induced cell death. Science 274, 782—784

Received 19 June 2000/2 October 2000; accepted 30 October 2000

© 2001 Biochemical Society

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Wang, C. Y., Mayo, M. W. and Baldwin, Jr A. S. (1996) TNF- and cancer therapy-
induced apoptosis: potentiation by inhibition of NF-xB. Science 274, 784—787

Van Antwerp, D. J., Martin, S. J., Kafri, T., Green, D. R. and Verma, I. M. (1996)
Suppression of TNF-a-induced apoptosis by NF-«B. Science 274, 787—789

Wang, C. Y., Mayo, M. W., Korneluk, R. G., Goeddel, D. V. and Baldwin, Jr, A. S.
(1998) NF-«B antiapoptosis: induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2
to suppress caspase-8 activation. Science 281, 1680—1683

Chu, Z. L, McKinsey, T. A, Liu, L., Gentry, J. J., Malim, M. H. and Ballard, D. W.
(1997) Suppression of tumor necrosis factor-induced cell death by inhibitor of
apoptosis ¢-IAP2 is under NF-«xB control. Proc. Natl. Acad. Sci. U.S.A. 94,
10057-10062

Coleman, D. L., Chodakewitz, J. A., Bartiss, A. H. and Mellors, J. W. (1988)
Granulocyte—macrophage colony-stimulating factor enhances selective effector
functions of tissue-derived macrophages. Blood 72, 573-578

Farahani, R., Fong, W. G., Korneluk, R. G. and MacKenzie, A. E. (1997) Genomic
organization and primary characterization of miap-3: the murine homologue of human
X-linked IAP. Genomics 42, 514518

Chen, B. D. and Mueller, M. (1990) Recombinant tumor necrosis factor enhances the
proliferative responsiveness of murine peripheral macrophages to macrophage colony-
stimulating factor but inhibits their proliferative responsiveness to granulocyte-
macrophage colony-stimulating factor. Blood 75, 1627—1632

Chen, B. D., Clark, C. R. and Chou, T. H. (1988) Granulocyte/macrophage colony-
stimulating factor stimulates monocyte and tissue macrophage proliferation and
enhances their responsiveness to macrophage colony-stimulating factor. Blood 71,
997-1002

Chen, B. D., Mueller, M. and Olencki, T. (1988) Interleukin-3 (IL-3) stimulates

the clonal growth of pulmonary alveolar macrophage of the mouse: role of IL-3 in the
regulation of macrophage production outside the bone marrow. Blood 72, 685-690
Zhang, X. M., Lin, H., Chen, C. and Chen, B. D. (1999) Inhibition of ubiquitin-
proteasome pathway activates a caspase-3-like protease and induces Bcl-2 cleavage
in human M-07e leukaemic cells. Biochem. J. 340, 127—133

Andrews, N. C. and Faller, D. V. (1991) A rapid micropreparation technique for
extraction of DNA-binding proteins from limiting numbers of mammalian cells.
Nucleic Acids Res. 19, 2499

Budihardjo, 1., Oliver, H., Lutter, M., Luo, X. and Wang, X. (1999) Biochemical
pathways of caspase activation during apoptosis. Annu. Rev. Cell Dev. Biol. 15,
269-290

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z, Juo, P., Hu, L. S., Anderson, M. J,,
Arden, K. C., Blenis, J. and Greenberg, M. E. (1999) Akt promotes cell survival by
phosphorylating and inhibiting a Forkhead transcription factor. Cell 96, 857868
Perlman, H., Pagliari, L. J., Georganas, C., Mano, T., Walsh, K. and Pope, R. M.
(1999) FLICE-inhibitory protein expression during macrophage differentiation confers
resistance to fas-mediated apoptosis. J. Exp. Med. 190, 1679—1688

Hida, A., Kawakami, A., Nakashima, T., Yamasaki, S., Sakai, H., Urayama, S., Ida, H.,
Nakamura, H., Migita, K., Kawabe, Y. and Eguchi, K. (2000) Nuclear factor-kappaB
and caspases co-operatively regulate the activation and apoptosis of human
macrophages. Immunology 99, 553-560

DiDonato, J. A., Hayakawa, M., Rothwarf, D. M., Zandi, E. and Karin, M. (1997) A
cytokine-responsive 1kB kinase that activates the transcription factor NF-«B. Nature
(London) 388, 548—554

Ozes, 0. N., Mayo, L. D., Gustin, J. A, Pfeffer, S. R., Pfeffer, L. M. and Donner, D. B.
(1999) NF-«B activation by tumour necrosis factor requires the Akt serine-threonine
kinase. Nature (London) 401, 82—85

Kelley, T. W., Graham, M. M., Doseff, A. I., Pomerantz, R. W., Lau, S. M., Ostrowski,
M. C., Franke, T. F. and Marsh, C. B. (1999) Macrophage colony-stimulating factor
promotes cell survival through Akt/protein kinase B. J. Biol. Chem. 274,
26393-26398



