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Abstract

Apoptosis is an important process in normal animal development as well as in diseases, and inhibitor of apoptosis protein (IAP) is one of
the important factors that regulate apoptotic cell death. We found that lipopolysaccharide (LPS) enhances the expression of mRNA and
protein of cellular IAP-2 (cIAP2) in human monoblastic U937 cells differentiated by phorbol ester pretreatment. cIAP2 mRNA was not
detected in undifferentiated U937 cells. mRNAs of cIAP1 and X-chromosome-linked IAP (XIAP) were expressed constitutively and not
affected by LPS in both undifferentiated and differentiated cells. LPS stimulated the expression of cIAP2 mRNA and protein in time- and
concentration-dependent manners. LPS enhanced the expression of cIAP2 mRNA and protein in human monocyte-derived macrophages,
which was associated with the inhibition of the caspase-3 activation, i.e., decrease in active p17 fragment of caspase-3 with simultaneous
accumulation of precursor p20 fragment. We conclude that LPS may inhibit apoptosis of macrophages, at least in part, through the
induction of cIAP2. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Apoptosis plays an important role not only in animal
development and tissue homeostasis but also in the patho-
genesis of a variety of disorders such as cancer, autoim-
mune diseases, infectious diseases and neurodegenerative
diseases [1,2]. There are a number of mechanisms for the
regulation of apoptosis, and the members of the inhibitor
of apoptosis protein (IAP) family e¡ectively suppress cell
death induced by various stimuli [3^5]. Human IAPs were
¢rst described as proteins, homologous to the baculoviral
IAP family, induced by tumor necrosis factor-K (TNF-K)
[6]. The human IAP family includes cIAP1, cIAP2, XIAP,
neuronal IAP (NIAP), and survivin [4^8]. There are two
motifs characteristic to these IAPs: they have up to three
amino acid repeats of approx. 65 residues in length, called
baculovirus IAP repeat (BIR) at the N-terminus [9], and

except for NIAP and survivin, all other known IAPs con-
tain a RING ¢nger domain at the C-terminal end [10].
Most of these IAPs inhibit apoptosis by suppressing cas-
pases, and the BIR is responsible for this inhibition [11].
Caspase-3 is a downstream e¡ector molecule in the cas-
pase cascade [12], and cIAPs directly inhibit this cell death
protease [13].

Activation of macrophages by cytokine stimulation or a
mild microbial infection is shown to inhibit cell death due
to apoptosis [14], and control of macrophage cell death
may have a potential e¡ect on the immune responses. In
fact, loss of macrophages by apoptosis may lead to the
suppression of immune functions and increased suscepti-
bility to microbial pathogens [15]. LPS has a variety of
e¡ects on macrophages and it has been shown to abolish
the apoptosis of U937 cells induced by TNF-K [16]. U937
is a monoblastic leukemia cell line committed to monocyte
di¡erentiation, and treatment with agents such as TNF-K,
1,25-dihydroxycholecalciferol, or phorbol 12-myristate 13-
acetate (PMA) induces the appearance of the character-
istics consistent with mature macrophages [17]. We, here-
in, described the expression of IAPs in U937 cells in re-
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sponse to stimulation with LPS, and the e¡ect of PMA-
induced cell di¡erentiation on IAP expression was also
examined. The results obtained with U937 cells were con-
¢rmed with human monocyte-derived macrophages.

2. Materials and methods

2.1. Cells

U937 cells were cultured using RPMI 1640 supple-
mented with 10% (v/v) fetal bovine serum, 1% (w/v) glu-
tamine, 100 U/ml penicillin and 100 Wg/ml streptomycin.
To induce di¡erentiation, the cells were treated with 0.1
mM PMA dissolved in dimethyl sulfoxide (DMSO) for 48
h, then the cells were cultured in PMA-free medium for a
further 24 h and used for experiments. The ¢nal concen-
tration of DMSO in medium was 0.1% and the control
cells were treated with vehicle only.

Peripheral venous blood was drawn from healthy vol-
unteers after an informed contest, then monocytes were
isolated using Ficoll-Paque Plus (Amersham Pharmacia
Biotech, Uppsala, Sweden) [5]. The cells were cultured
using RPMI 1640 supplemented with 10% FBS to di¡er-
entiate into macrophages. Macrophages cultured for 3 days
were used for the experiments.

2.2. Reverse transcriptase PCR (RT-PCR)

Total RNA was isolated from the cells using an RNeasy
total RNA isolation kit (Qiagen, Hilden, Germany). Sin-
gle-strand cDNA for a PCR template was synthesized
from 1 Wg of total RNA using primer oligo (dT)12ÿ18

and M-Mulv reverse transcriptase (Gibco, Rockville,
MD, USA). Speci¢c primers were designed from cDNA

sequences for cIAP1, cIAP2, XIAP, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and each cDNA was
ampli¢ed by PCR with Taq DNA polymerase (Qiagen).
The sequences of the sense (F) and antisense (R) primers
were as follows: cIAP1-F, 5P-CCTGTGGTTAAATCTG-
CCTTG-3P ; cIAP1-R, 5P-CAATTCGGCACCATAACT-
CTG-3P ; cIAP2-F, 5P-AAGTTCCATCCCCTGTCCAA-
TG-3P ; cIAP2-R, 5P-CAAGTAGATGAGGGTAACTG-
GC-3P ; XIAP-F, 5P-CTTGCATACTGTCTTTCTGAGC-
3P ; XIAP-R, 5P-ACACCATATACCCGAGGAAC-3P ; G-
APDH-F, 5P-CCACCCATGGCAAATTCCATGGGCA-
3P ; and GAPDH-R, 5P-TCTAGACGGCAGGTCAGG-
TCCACC-3P.

The conditions for the reaction were 1U(94³C, 2 min);
32U(94³C, 1 min; 55³C, 1 min; 72³C, 1 min); and
1U(72³C, 10 min). The products were analyzed by elec-
trophoresis on a 1.2% agarose gel containing ethidium
bromide. The expected size of the PCR products for
cIAP1, cIAP2, XIAP, and GAPDH were 1067 bp, 550
bp, 818 bp and 696 bp, respectively.

2.3. Northern blot analysis

Poly(A)�mRNA was puri¢ed from total RNA using
Oligotex-dT30GSuperf (Takara, Shiga, Japan) and sub-
jected to electrophoresis on a 1% agarose gel containing
formaldehyde. The RNA was blotted to a positively
charged nylon membrane by capillary transfer and probed
with the digoxigenin (DIG)-labeled antisense RNA for
cIAP2 or L-actin. DIG-labeled probe for cIAP2 was syn-
thesized, using a DIG-labeling kit (Roche, Mannheim,
Germany), from the linearized full length cIAP2 cDNA
in pcDNA3 (a gift from Dr. Ryosuke Takahashi, Riken
Brain Science Institute). Hybridization was performed at
68³C for 16 h using a NorthernMax kit (Ambion, Austin,

Fig. 1. Time course of the LPS-induced upregulation of cIAP2 mRNA in U937 cells di¡erentiated with PMA. The cells were treated with (A) DMSO,
vehicle for PMA, or (B) PMA, for 48 h and stimulated with 100 ng/ml LPS for up to 24 h. mRNAs for cIAP2, cIAP1, XIAP and GAPDH were semi-
quanti¢ed by RT-PCR.
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TX, USA), and the detection using a DIG detection kit
(Roche).

2.4. Western blot analysis

U937 cells or macrophages were lysed by incubating
with cell lysis bu¡er, 20 mM phosphate-bu¡ered saline
(pH 7.4) containing 1% NP-40, 0.5% sodium deoxycho-
late, 0.15% SDS and 0.01% protease inhibitor cocktail
(Sigma, St. Louis, MO, USA). Cell lysates were separated
by electrophoresis on a gradient polyacrylamide gel (4^
20%) containing 0.1% SDS. Proteins were subsequently
transferred to a PVDF membrane (Millipore Japan, To-
kyo, Japan), and the membrane was incubated for 2 h at
37³C with SuperBlock blocking bu¡er (Pierce, Rockford,
IL, USA). The membrane was incubated for 24 h at 4³C
with 1.5 mg/ml of a rabbit anti-cIAP2 polyclonal antibody
(RpD Systems, Minneapolis, MN, USA) or 1 mg/ml of an
anti-XIAP monoclonal antibody (Transduction Laborato-
ries, Lexington, KY, USA) or 1:2000 of a polyclonal rab-
bit anti-caspase-3 antiserum (PharMingen, San Diego,
CA, USA). After washing six times, the membrane was
incubated with 1/25 000 dilution of anti-rabbit IgG for
cIAP2 or anti-mouse IgG labeled with horseradish peroxi-
dase (Kirkegaard and Perry, Gaithersburg, MD, USA).
Detection was performed by incubating with a chemilumi-
nescence substrate (SuperSignal West Pico, Pierce) and the
membrane was exposed to a Kodak BioMax ¢lm (Kodak,
Rochester, NY, USA).

3. Results

The results of RT-PCR analyses on the expression of
cIAP2 mRNA in U937 cells are shown in Fig. 1. cIAP2
mRNA was not induced by LPS in U937 cells without

PMA pretreatment (Fig. 1A); however, pretreatment of
the cells with PMA for 48 h resulted in the induction of
cIAP2 mRNA in response to LPS stimulation (Fig. 1B).
This was unique to cIAP2, and U937 cells constitutively
expressed mRNAs for cIAP1 and XIAP, which were not
a¡ected by PMA-induced di¡erentiation or by LPS stim-
ulation. The LPS-induced stimulation of cIAP2 expression
in di¡erentiated U937 cells was time-dependent and
reached its maximal level after 4 h. This stimulation was
also found to be concentration-dependent and maximal
expression was observed with 100 ng/ml LPS (Fig. 2).

Fig. 3 shows the result of Northern blot analysis. The
LPS-induced enhancement of cIAP2 expression in di¡er-
entiated U937 cells was con¢rmed by Northern blotting.
LPS enhanced the intensity of the cIAP2 band relative to
that of L-actin by about 120%.

The expression of cIAP proteins was analyzed by West-
ern blotting as shown in Fig. 4. Time-dependent produc-

Fig. 2. Concentration-dependent induction, by LPS, of cIAP2 mRNA in
di¡erentiated U937 cells. The cells were pretreated with PMA and
stimulated for 8 h with 1 ng^10 Wg/ml LPS. mRNAs for IAPs and
GAPDH were analyzed by RT-PCR.

Fig. 3. Northern blotting of cIAP2 mRNA in U937 cells. The PMA-
pretreated cells were stimulated for 8 h with 100 ng/ml LPS. Poly-
(A)�RNA was isolated and subjected to electrophoresis. The RNA was
blotted to a nylon membrane and probed with DIG-labeled antisense
RNA for cIAP2 or L-actin.

Fig. 4. Western blot analysis of LPS-induced cIAP2 protein expression
in PMA-pretreated U937 cells. The cells were stimulated with 100 ng/ml
LPS for up to 24 h and cell lysates were subjected to gradient SDS-
PAGE. Proteins were transferred to a PVDF membrane, and the mem-
brane was incubated sequentially with an anti-cIAP2, HRP-labeled anti-
rabbit IgG and a chemiluminescent substrate. The membrane was ex-
posed to an X-ray ¢lm. The membrane was also subjected to Western
blot analysis for XIAP using an anti-XIAP monoclonal antibody and
HRP-labeled anti-mouse IgG.
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tion of cIAP2 protein in U937 cells agreed with that of
mRNA expression and reached its maximal level 4 h after
stimulation with LPS, while XIAP protein levels remained
unchanged. The LPS-induced expression of cIAP2 protein
was also observed only in the cells pretreated with PMA.

LPS-induced expression of cIAP2 in normal human
macrophages is summarized in Fig. 5. LPS enhanced the
expression of cIAP2 mRNA (Fig. 5A) and protein (Fig.
5B) in normal human macrophages in culture. The result
of Western blot analysis of caspase-3 is also shown in Fig.
5B. Stimulation of macrophages with LPS reduced the
amount of p17 subunit of caspase-3 with a concomitant
increase in p20 subunit, and this coincided with the induc-
tion of cIAP2.

4. Discussion

LPS is a glycolipid component of the outer membrane
of Gram-negative bacteria and has a variety of immuno-
modulating activities. It induces activation of various
types of cells including monocytes/macrophages. LPS is
known to induce apoptosis in endothelial cells [18,19]
and hepatocytes [20], while it has a protective e¡ect
against apoptosis in macrophages and neutrophils
[16,21,22]. LPS suppresses the apoptosis of U937 cells in-

duced by TNF-K, taxol or okadaic acid, but not by reac-
tive oxygen species [16]. There are several potential molec-
ular mechanisms for the antiapoptotic activity of LPS:
activation of nuclear factor (NF)-UB [16,23], c-Jun N-ter-
minal kinase [24] and p38 mitogen-activated protein kinase
[16,25]. Induction of IAPs is mediated by NF-UB [26,27]
and IAPs also depend on NF-UB activation to exert their
antiapoptotic e¡ect [26,28,29]. In the present study, we
found the induction of cIAP2 mRNA by LPS in U937
cells di¡erentiated with PMA. Although U937 cells ex-
press cIAP1 and XIAP, these are detected constitutively
in both di¡erentiated and undi¡erentiated U937 cells, and
their expression was not altered by stimulation with LPS.
We also found that LPS induced the expression of cIAP2
in human monocytes. LPS-induced cIAP2 expression was
also con¢rmed with normal human macrophages.

Caspase-3 is the terminal e¡ector protease in apoptosis
induced by the caspase cascade [12]. Activation of caspase-
3 proceeds through two steps: the ¢rst step is cleavage, by
another caspase, of pro-caspase-3 (p32) into a p20 large
subunit and a p12 small subunit, and the second is auto-
catalytic breakdown of p20 into p17, which is the active
component [8,13]. XIAP and cIAPs are known to inhibit
the autocatalytic generation of the p17 active component
[8,13], and we also con¢rmed a decrease in p17 along with
the LPS-induced expression of cIAP2 in normal macro-
phages.

These results may suggest that cIAP2 mediates, at least
in part, LPS-induced antiapoptosis in macrophages. In
fact, a recent study [30] demonstrated that IAPs are de-
graded, by the ubiquitin-proteasome system, during apo-
ptotic cell death, suggesting the central role of these fac-
tors in the regulation of apoptosis. Besides LPS is shown
to protect macrophages from apoptosis induced by micro-
bial infection [21], and the induction of cIAP2 by LPS may
provide a mechanism to maintain the immune functions of
macrophages. Human cIAP2 is most abundantly expressed
in the spleen and thymus [6], and this fact may also sup-
port an important role of this protein in the maintenance
of the immune system-derived macrophages. In addition,
caspase-3 activity to autocatalysis of the p20 subunit to
the p17 subunit was inhibited in those macrophages ac-
cording to the expression of cIAP2 protein.

In conclusion, LPS induces cIAP2 both in U937 cells
di¡erentiated with PMA and in normal human macro-
phages, and this may suggest that LPS protects macro-
phages from apoptotic cell death and thereby supports
the immune function.
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Fig. 5. LPS-induced changes in cIAP2 expression and caspase-3 activa-
tion of normal human macrophages. Monocyte-derived macrophages
from healthy volunteers were stimulated with 100 ng/ml LPS for up to
72 h. (A) The levels of mRNA for cIAP2 were analyzed by RT-PCR.
(B) Western blot analysis of LPS-induced expression of cIAP2 protein
(upper panel). Western blot analysis of LPS-induced changes in caspase-
3 activation (lower panel). Note that cIAP2 expression is associated
with decreased p17 and increased p20.
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