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Expression, regulation, and function of inhibitor of apoptosis
family genes in rat mesangial cells.

Background. The inhibitor of apoptosis (IAP) family of pro-
teins regulates programmed cell death triggered by various
stimuli. The purpose of this investigation was to examine the
expression, regulation, and function of IAP genes in cultured
rat mesangial cells.

Methods. Basal and inducible expression of c-IAP1, c-IAP2,
XIAP, and TTAP mRNAs was examined in mesangial cells,
isolated glomeruli, and other cell lines under unstimulated and
tumor necrosis factor-a (TNF-a)-stimulated conditions. To ex-
amine a role of nuclear factor-kB (NF-«B) in the regulation
of IAPs, expression of IAPs in NF-kB-inactive mesangial cells
was compared with that in wild-type cells. To investigate roles
of IAPs in mesangial cell apoptosis, NF-kB—inactive cells were
stably supertransfected with c-IAP1 or c-IAP2, and the suscep-
tibility of these cells to TNF-a—induced apoptosis was evaluated
quantitatively.

Results. Substantial, constitutive expression of c-IAP2, XIAP,
and TTIAP was observed in serum-deprived rat mesangial cells
and c-IAP2 and XIAP in isolated normal rat glomeruli. In re-
sponse to TNF-a, expression of c-IAP1 and c-IAP2 was induced
in HeLa cells and ECV304 endothelial cells, but not in mesan-
gial cells. In contrast to previous reports on other cell types,
the expression of IAPs in rat mesangial cells was independent
of NF-kB; that is, expression levels of IAPs in NF-kB-inactive
cells were same as those in NF-kB-active cells under both
unstimulated and TNF-a—stimulated conditions. Even without
the induction of IAPs, NF-kB-active mesangial cells were more
resistant to TNF-a—induced apoptosis than NF-kB-inactive
cells. Interestingly, overexpression of either c-IAP1 or c-IAP2
completely compensated for the lack of resistance to apoptosis
in NF-kB—-inactive cells.

Conclusions. 1APs are constitutively expressed in cultured
rat mesangial cells and isolated normal rat glomeruli. IAPs can
contribute to the survival of rat mesangial cells, but unexpect-
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edly, these molecules are not involved in the TNF-a—induced,
NF-kB-dependent cytoprotection in this cell type.

Apoptosis is an evolutionarily conserved biological pro-
gram for cell suicide by which unnecessary or damaged
cells are eliminated from organisms. Dysregulation of apo-
ptosis is implicated in the pathogenesis of a wide range
of diseases, including inflammation, ischemic injury, in-
fection, and malignant disorders. In the glomerulus, apo-
ptosis of mesangial cells is observed in various glomeru-
lar diseases [1] and supposedly contributes to progression
or resolution of glomerular injury [2-4].

The proinflammatory cytokine tumor necrosis factor-a
(TNF-a) is an important mediator that regulates apopto-
sis of resident and infiltrating cells. Previous reports dis-
closed that TNF-a simultaneously induces intracellular
signals with opposite directions, that is, the death signal
and the survival signal [5]. The death signal triggers activa-
tion of caspases via the TNF receptor 1 (TNFR1)-TNFR-
associated death domain (TRADD)-Fas-associated death
domain (FADD) pathway. TNF-« also incites the survival
signal that is mediated by nuclear factor-kB (NF-«kB).
Disruption of the NF-kB pathway results in apoptosis
of various cells originally resistant to TNF-« [6, 7].

The molecular mechanism involved in the anti-apo-
ptotic action of NF-kB is not well understood, but inhibi-
tor of apoptosis (IAP) proteins are supposed to play
important roles in the NF-kB—dependent cytoprotection.
IAP is the family of ubiquitous intracellular proteins that
protect cells from apoptosis triggered by various stimuli
[8, 9]. The common structure of the IAP family includes
motifs termed the baculovirus IAP repeat (BIR) and the
C-terminal RING finger domain [8, 9]. It is known that
the BIR domain is able to bind and inhibit caspases
[10, 11]. To date, six IAPs have been identified in mam-
mals: c-IAP1 (HIAP2/hMIHB) [12], c-IAP2 (HIAP1/
hMIHC) [12], XIAP (hILP/MIHA) [12], TIAP/Survivin
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[13,14], NAIP [15], and BRUCE/Apollon [16, 17]. Many
of these molecules inhibit apoptosis via direct interaction
with caspases including caspases 3, 7, and 9 [13, 18-20].

Previous reports showed that overexpression of c-IAP1,
c-IAP2, XIAP, NIAP, or TIAP/Survivin suppressed apo-
ptosis induced by a wide range of stimuli, including TNF-a,
Fas ligand, oxidative stress, anticancer drug, and growth
factor deprivation [13-15, 21-23]. The regulation of IAP
genes has not been fully elucidated, but some [APs are
known to be regulated by NF-«kB and are involved in
the anti-apoptotic effect of NF-kB in certain cell types
[22-25]. For example, in human umbilical vein endothe-
lial cells and human skin microvascular endothelial cells,
the expression of c-IAP1, c-IAP2, and XIAP genes is
up-regulated by TNF-a. Inactivation of NF-kB attenu-
ates the induction of IAPs and sensitizes the cells to
TNF-a-induced apoptosis [22].

We previously reported that cultured rat mesangial
cells are resistant to TNF-a—induced apoptosis and that
those cells become susceptible to the apoptosis when
NF-«B is inactivated [26, 27]. Currently, the mechanisms
involved in this phenomenon, especially molecules down-
stream of NF-kB, have not been identified. To investigate
the cytoprotective action of NF-kB in TNF-a—stimulated
mesangial cells further, the present study examined the
roles of the TAP family. This investigation examined
which IAPs are expressed in glomerular cells, whether
or not NF-kB is required for the basal and inducible
expression, and how the expression is involved in the
NF-kB-mediated cytoprotection.

METHODS
Cells and isolated glomeruli

Clonal rat mesangial cells (SM41, SM43, and FM14)
were established from isolated glomeruli of a male
Sprague-Dawley rat (SM) or a male inbred F344 rat (FM)
and were identified as being of the mesangial cell pheno-
type, as described in previous studies [28, 29]. SM43 cells
generally were used for the experiments. HeLa cells and
the human endothelial cell line ECV304 were purchased
from European Collection of Animal Cell Cultures (Salis-
bury, UK). Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F-12 (GIBCO BRL,
Gaithersburg, MD, USA) supplemented with 100 U/mL
of penicillin G, 100 pg/mL of streptomycin, 0.25 pg/mL
of amphotericin B, and 10% fetal calf serum (FCS).
Medium containing 1% FCS was generally used for ex-
periments.

Normal glomeruli were isolated on ice from adult male
Sprague-Dawley rats (250 to 300 g body weight) by the
conventional sieving method and used for Northern blot
analysis, as described previously [30].

Establishment of stable transfectants

Nuclear factor-kB-inactive mesangial cells, SM/IkBaM,
were created by overexpression of a super-repressor mu-
tant of IkBa, IkBaM, as described before [31]. IkBaM
possesses mutations at the N- and C-terminal phosphory-
lation sites and is resistant to both constitutive and induc-
ible degradation. When overexpressed, IkBaM effec-
tively blocks NF-kB activation via inhibiting nuclear
translocation of NF-kB complexes [7]. SM/IkBaM cells
express IkBaM mRNA and IkBaM protein abundantly
and exhibit blunted activation of NF-«B in response to
IL-18 and TNF-« [26, 31].

SM/1kB-IAP1 and SM/IkB-IAP2 clones were created
as follows. Using a modified calcium phosphate copreci-
pitation method, SM/IkBaM cells were stably super-
transfected with an expression plasmid pEF-c-IAP1 or
pEF-c-IAP2 (gifts of Dr. David L. Vaux, The Walter and
Eliza Hall Institute of Medical Research, Victoria, Austra-
lia) [12] that introduces the full-length human c-IAP1 or
c-IAP2 cDNA together with the puromycin resistance
gene. Stable transfectants were selected in the presence
of puromycin (1.5 pg/mL), and stable clones SM/IkB-
IAP1-1, SM/IkB-IAP1-4, SM/IkB-1AP2-2, and SM/IkB-
TAP2-4 were established. As a control clone, SM/IkB-con-
trol cells were created by transfection of SM/IkBaM cells
with pBabe-puro (a gift of Dr. H. Land, Imperial Cancer
Research Fund, London, UK) [32] encoding the puromy-
cin resistance gene alone.

Induction and assessment of apoptosis

Confluent mesangial cells were preincubated in 1%
FCS for 24 hours and exposed to human recombinant
TNF-a (250 U/mL; a gift of Dr. K. Noguchi, Teikyo
University, Tokyo, Japan) for up to 40 hours. Morpho-
logic examination was performed using phase-contrast
microscopy. For the quantitative assessment of apopto-
sis, cells were fixed in 4% formaldehyde for 10 minutes,
stained by Hoechst33258 (10 wg/mL; Sigma-Aldrich,
Dorset, UK) for one hour, and subjected to fluorescence
microscopy. Both attached and detached cells were used
for the analysis.

Northern blot analysis

Confluent cells were cultured in 1% FCS for 24 hours
and treated with or without TNF-a for up to 48 hours.
Total RNA was extracted by a single-step method [33],
and RNA samples were electrophoresed on 1.2% aga-
rose gels and transferred onto nitrocellulose membranes.
For hybridization, human c-IAP1 [12], human c-IAP2
[12], murine XIAP [12], and murine TIAP [13] cDNAs
were labeled with *p-dCTP using the random priming
method. As a loading control, expression of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used.
The membranes were hybridized with probes at 65°C
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overnight in a solution containing 4 X standard sodium
citrate (SSC; 600 mmol/L sodium chloride, 60 mmol/L
sodium citrate), 5 X Denhardt’s solution, 10% dextran
sulfate, 50 pg/mL herring sperm DNA, and 50 pg/mL
poly(A), washed at 50°C and exposed to Kodak XAR
films at —80°C. Intensity of IAP mRNAs was evaluated
by densitometric analysis. Each value was normalized
by the level of GAPDH mRNA and expressed as fold
increase.

Western blot analysis

Confluent cells cultured in 1% FCS were treated with
or without TNF-a (250 U/mL) for up to 24 hours. After
the treatment, Western blot analysis of c-IAP1 was per-
formed using an anti-c-IAP1 antibody (R&D Systems,
Minneapolis, MN, USA) following the instructions pro-
vided by the manufacturer. The antibody used can detect
both human and rat c-IAP1.

Statistical analysis

Data were expressed as means = SE. Statistical analy-
sis was performed using the one-way analysis of variance
(ANOVA) with Fisher’s PLSD test to compare data in
different groups. A P value of <0.01 was used to indicate
a statistically significant difference.

RESULTS

Basal expression of IAPs in rat mesangial cells and
isolated normal rat glomeruli

Expression of IAPs in rat mesangial cells was exam-
ined under the serum-deprived, basal culture condition.
Rat mesangial cells (SM43) incubated in 1% FCS for
24 hours were subjected to analysis of c-IAP1, c-IAP2,
XIAP, and TIAP expression. Northern blot analysis
showed that mesangial cells constitutively expressed
c-IAP2 (5.8 kb), XIAP (9.0 kb), and TIAP (1.4 kb)
mRNAs (Fig. 1A). The size of mRNAs observed in rat
mesangial cells was identical to that in human tissues
(c-IAP2 and XIAP) and in mouse tissues (TIAP) [13, 15].
In contrast to these IAPs, the expression level of c-IAP1
(4.0 kb) was very low, and only a faint expression could
be occasionally detected in rat mesangial cells.

Expression of IAPs was also examined in isolated nor-
mal rat glomeruli. Like cultured mesangial cells, normal
glomeruli constitutively expressed c-IAP2 and XIAP
(Fig. 1B). Expression of c-IAP1 and TIAP was not de-
tectable in isolated normal glomeruli.

Lack of IAP induction in TNF-a—stimulated
mesangial cells

Previous reports suggested that certain IAPs, includ-
ing c-IAP1, c-IAP2, and XIAP, are induced by TNF-«
in some cell types [22-25]. We next examined the effect
of TNF-a on the expression of IAPs in mesangial cells

N 12
< < Q Q
o'\\?~ o'\\?~ ‘\§~ NS
R
28S - - -
18S -
Rl
B
< &R Q
0,\‘?* 0,\?“ “\5\?~ NS
Ll
28S - e
188 -

Fig. 1. Basal expression of inhibitor of apoptosis (IAP) genes in unstimu-
lated glomerular cells. (A) Expression in cultured rat mesangial cells.
Confluent SM43 mesangial cells were incubated in the presence of 1%
FCS for 24 hours and subjected to Northern blot analysis of c-IAP1,
c-IAP2, XIAP, and TIAP. The position of 28S and 18S ribosomal RNAs
is indicated on the left. (B) Expression in isolated normal rat glomeruli.
Normal glomeruli were isolated from adult rat kidneys and subjected
to Northern blot analysis.

and other cell lines. Rat mesangial cells, HeLa cells, and
endothelial ECV304 cells were preincubated in 1% FCS
for 24 hours and stimulated by TNF-« for four hours.
Northern blot analysis showed that constitutive expres-
sion of c-IAP1, c-IAP2, XIAP, and TIAP was observed
in HeLa cells (Fig. 2A) and ECV304 cells (Fig. 2B).
In these cells, expression of c-IAP1 and c-IAP2 was
increased 3- to 15-fold in response to TNF-a. In contrast,
the induction of c-IAP1 and c-IAP2 by TNF-a was not
observed in rat mesangial cells (Fig. 2C). Densitometric
analysis of mRNA levels is summarized in Figure 2D.
The lack of IAP induction in mesangial cells was not
due to an abnormality in the TNF-a signaling because,
like other cell types, rat mesangial cells (SM43) show
activation of NF-«kB in response to TNF-a [26]. In all
cell types, expression of XIAP and TIAP was unaffected
by the treatment with TNF-a.

The lack of induction of c-IAP1, c-IAP2, and XIAP
in mesangial cells was further confirmed using various
time points. Mesangial cells preincubated in 1% FCS
were stimulated by TNF-a for 0 to 48 hours and subjected
to Northern blot analysis. Consistent with the result
shown in Figure 2C, induction of IAPs was not observed
at any time point (Fig. 2E).
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Fig. 2. Effect of tumor necrosis factor-ao (TNF-a) on the expression of IAPs in HeLa
cells, ECV304 cells and rat mesangial cells. (A-F) Northern blot analysis. HeLa cells (A),
GAPDH “ ECV304 cells (B), and rat mesangial cells (C and E, SM43; F, FM14 and SM41) were

Time, hours

incubated in the absence (—) or presence (+) of TNF-a (250 U/mL) for 4 hours (A-D,
F) or 3 to 48 hours (E), and expression of c-IAP1, c-IAP2, XIAP, and TIAP was examined
by Northern blot analysis. Expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is shown as a loading control. Intensity of c-IAP1 and c-IAP2 mRNAs was
evaluated by densitometric analysis. Each value was normalized by the value of GAPDH
mRNA and expressed as fold increase (D). (G) Western blot analysis. HeLa cells and
mesangial cells (SM43) were stimulated with TNF-a for up to 24 hours, and Western blot
analysis of c-IAP1 was performed.

To examine whether the lack of IAP induction is a
general phenomenon in rat mesangial cells, a mesangial
cell clone FM14 derived from a different rat strain (F344
rat) and another clone SM41 derived from the same
rat strain (Sprague-Dawley rat) were tested. These cells
were incubated in the presence or absence of TNF-a
for four hours and subjected to Northern blot analysis.
Consistent with the result of SM43 cells, stimulation of

FM14 cells and SM41 cells with TNF-a did not induce
expression of c-IAP1 and c-IAP2 (Fig. 2F).

The lack of IAP induction in TNF-a—stimulated mes-
angial cells was further confirmed using Western blot
analysis. Mesangial cells and HeLa cells were stimulated
by TNF-a for up to 24 hours and subjected to the analysis.
Consistent with the Northern blot data, c-IAP1 protein
was substantially induced in HeLa cells in response to
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TNF-a. The level of c-IAP1 protein was increased four
to eight hours after the stimulation and declined after
24 hours (Fig. 2G, left). In contrast, c-IAP1 protein was
not induced by TNF-a in mesangial cells (Fig. 2G, right).

NF-kB-independent regulation of IAPs in
mesangial cells

We previously showed that TNF-a induces activation
of NF-«kB in SM43 mesangial cells [26]. The lack of IAP
induction by TNF-« raises a possibility that in rat mesan-
gial cells, IAPs are regulated independently of NF-«kB.
To examine this possibility, expression of IAPs in wild-
type mesangial cells (SM43) was compared with that in
NF-«kB-inactive mesangial cells (SM/IkBaM) under basal
and TNF-a-stimulated conditions. SM43 cells and SM/
IkBaM cells were preincubated in 1% FCS for 24 hours
and stimulated with or without TNF-a for four hours.
Northern blot analysis showed that basal levels of all [APs
were not different between SM43 cells and SM/IkBaM
cells (Fig. 3A). Furthermore, SM/IkBaM cells expressed
IAPs at the same levels as those of SM43 cells even
under the TNF-a—stimulated condition (Fig. 3B). Of note,
although SM/IkBaM cells are susceptible to TNF-a—
induced apoptosis [25, 26], apoptosis was not induced
by the short-term (4 hours) treatment with TNF-a.

Previous reports suggested that IAPs are involved in
the inducible, cytoprotective machinery in TNF-a—exposed
cells [22, 25]. To confirm that inducible expression of
IAPs is not necessary for the NF-kB—dependent cytopro-
tection in mesangial cells, TNF-a—induced apoptosis was
examined in SM43 cells and SM/IkBaM cells. As shown
in Figure 3 C and D, SM43 cells that have intact NF-«kB
function were resistant to TNF-a—induced apoptosis. In
contrast, NF-kB-inactive SM/IkBaM cells exposed to
TNF-«a exhibited shrinkage of the cytoplasm and conden-
sation/fragmentation of the nuclei typical of apoptosis.
Quantitative analysis using Hoechst staining showed that
TNF-a did not significantly induce apoptosis of SM43
cells (% apoptosis: 2.0 £ 0.2% in untreated cells and
3.8 = 1.1% in TNF-a-treated cells; means = SE). In
contrast, TNF-a significantly induced apoptosis of SM/
IkBaM cells from 4.2 + 0.8% (untreated) to 22.0 = 0.5%
(TNF-a-treated, P < 0.01; Fig. 3E).

Roles of IAPs in mesangial cell survival

To examine the function of IAPs in rat mesangial cells,
SM/IkBaM cells were stably supertransfected with an
expression plasmid encoding c-IAP1 or c-IAP2. North-
ern blot analysis showed that the established clones SM/
IkB-IAP1-1, SM/IkB-IAP1-4, SM/IkB-IAP2-2, and SM/
IkB-IAP2-4 expressed high levels of exogenous c-IAP1
and c-IAP2 transcripts (Fig. 4A). Using the established
clones, susceptibility to TNF-a—induced apoptosis was
examined. SM/IkB-IAP1, SM/IkB-IAP2, and SM/IkB-
control clones were treated with TNF-a for 24 hours and

subjected to microscopic analyses. Phase-contrast micros-
copy showed that overexpression of c-IAP1 or c-IAP2
protected SM/IkBaM cells from apoptotic changes in-
duced by TNF-a (Fig. 4B). Quantitative analysis using
Hoechst staining showed that the apoptosis induced by
TNF-a (18.3 = 1.1%) was markedly suppressed by over-
expression of c-IAP1 (4.4 = 1.4% in clonel-4, P < 0.01;
Fig. 4C). Similarly, overexpression of c-IAP2 dramati-
cally reduced the percentage of apoptotic cells from
30.0 = 3.5% to0 5.3 = 0.2% (clone2-2, P < 0.01; Fig. 4D).
Similar suppressive effects of c-IAP1 and c-IAP2 were
also observed in another set of clones, SM/IkB-IAP1-1
and SM/IkB-IAP2-4 (data not shown).

DISCUSSION

The inhibitors of apoptosis (IAPs) are ubiquitous in-
tracellular proteins that regulate apoptotic processes.
Previous reports showed that IAPs are able to inhibit
apoptosis induced by a wide range of stimuli, including
TNF-«, anti-Fas antibodies, oxidative stress, pro-apo-
ptotic members of the Bcl-2 family, cytochrome C, anti-
cancer drugs, and serum withdrawal [15, 18, 22, 25, 34,
35]. Because of the ubiquitous distribution and the induc-
ible property, the IAP family is supposed to serve as the
important cytoprotective machinery under pathophysio-
logic situations. Currently, however, expression of IAPs
in the kidney, especially in individual nephron segments,
is unknown. This report examined the expression of [APs
in glomerular cells. The results showed that substantial
expression of c-IAP2 and XIAP, but not c-IAP1, was
observed in unstimulated rat mesangial cells and isolated
normal rat glomeruli. This is consistent with previous
reports showing that expression of c-IAP2 and XIAP,
but not c-IAP1, was detectable in human adult kidneys
[15, 21]. In addition to c-IAP2 and XIAP, expression of
TIAP was also observed in cultured mesangial cells. The
biological significance of the constitutively expressed
IAPs in glomerular cells is currently unknown, but a
recent report showed the crucial roles of constitutive
IAPs in the survival of thymocytes [36]. The basal expres-
sion of IAPs may be important for the maintenance of
glomerular cell survival under the physiological situa-
tion. Our current data using [AP-transfected mesangial
cells may support this possibility.

Previous investigations suggested that certain 1APs,
including c-IAP1, c-IAP2 and XIAP, are induced by
TNF-« in some cell types [22-25]. In the present study,
we examined whether IAPs are induced by TNF-a in
rat mesangial cells. Consistent with the previous reports,
c-IAP1 and c-IAP2 were markedly induced by TNF-a
in HeLa cells and ECV304 cells. However, unexpectedly,
the induction of c-IAP1 and c-IAP2 was not observed in
TNF-a-stimulated mesangial cells. The lack of induction
was not due to defects in the TNF-« signaling because
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(1) substantial NF-«B activation occurred in response to
TNF-a in SM43 mesangial cells [26] and (2) SM43 cells
underwent apoptosis by the treatment with TNF-q, if
NF-«kB was inactive (Fig. 3 C-E). One possible explana-
tion is that the regulation of IAPs in rats is different
from that in other species, especially human. Indeed, in
contrast to rat mesangial cells, c-IAP1 and c-IAP2 were
substantially up-regulated by TNF-a in human mesangial
cells (A. Furusu and M. Kitamura, unpublished observa-
tion). It is worthwhile to note that in the majority of
previous reports, human cells were generally used to
investigate transcriptional regulation of IAPs.

The expression of c-IAP1, c-IAP2, and XIAP is regu-
lated by NF-kB in some cell types. For example, in hu-
man umbilical vein endothelial cells and fibrosarcoma
cells, expression of c-IAP1, c-IAP2, and XIAP genes is
NF-«kB-dependent [22, 24]. However, the requirement
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Fig. 3. Roles of nuclear factor-«B (NF-kB) in the IAP expression
and apoptosis in rat mesangial cells. (A and B) Expression of IAPs in
NF-kB-active and NF-kB-inactive mesangial cells. Wild-type mesan-
gial cells (SM43) and NF-kB-inactive mesangial cells overexpressing
a super-repressor mutant of IkBa (SM/IkBaM) were cultured in the
absence (A) or presence (B) of TNF-a for four hours, and expression
of IAP genes was examined by Northern blot analysis. (C—E ) Suscepti-
bility to TNF-a-induced apoptosis in NF-kB-active and NF-kB-
inactive mesangial cells. Confluent cultures of SM43 cells and SM/
IkBaM cells were incubated in the absence (—) or presence (+) of
TNF-a for up to 40 hours. Apoptosis was evaluated by phase-contrast
microscopy (C) and fluorescence microscopy (Hoechst 33258 staining;
D and E). Both attached and detached cells were used for the quantita-
tive assessment of apoptosis (E). Symbols are: (J) SM43; (4) SM/
IkBaM. Data are shown as means = SE. An asterisk indicates a
statistically significant difference (P < 0.01).

of NF-kB for the regulation of IAPs is somewhat contro-
versial. In Jurkat cells, Chu et al showed that c-IAP2 but
not c-IAP1 is regulated by NF-«B [25]. Our present study
found that expression of c-IAP1, c-IAP2, and XIAP in
rat mesangial cells was independent of NF-kB. This is
because (1) TNF-«a triggered activation of NF-kB [26]
but did not induce any IAPs (Fig. 2C), and (2) the expres-
sion levels of any IAPs in NF-kB-inactive cells were the
same as those in wild-type cells under both unstimulated
and TNF-a-stimulated conditions (Fig. 3 A, B). These
results provide further evidence for the NF-kB—indepen-
dent regulation of IAPs in certain cell types.

It has been proposed that IAPs are important molecules
for the TNF-a—inducible, NF-k B-dependent cytoprotec-
tion [22, 25]. We found that NF-kB-inactive mesangial
cells showed high susceptibility to the TNF-a—induced
apoptosis, but they expressed all IAPs at the same levels
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Fig. 4. Effects of IAP overexpression on TNF-a—-induced apoptosis of rat mesangial cells. (4) Expression of exogenous c-IAP1 and c-IAP2 in
the established transfectants. SM/IkBaM cells were stably super-transfected with c-IAP1 or IAP2 cDNA, and stable clones SM/IkB-IAP1-1, SM/
IkB-IAP1-4, SM/IkB-IAP2-2, and SM/IkB-1IAP2-4 were established. The expression of exogenous IAPs was examined by Northern blot analysis.
Vector-transfected SM/IkB-control cells were used as a control. (B—D) Susceptibility to TNF-a—induced apoptosis. Confluent cultures of SM/
Ik-control, SM/Ik-1IAP1-4, and SM/Ik-IAP2-2 cells were exposed to TNF-a for 24 hours, and microscopic analysis was performed. (B) Phase-
contrast microscopy. (C and D) Quantitative analysis of apoptosis using Hoechst 33258 staining. Symbols are: (Z4) SM/IkB-control; (#]) SM/IkB-1AP1-4;

(M) SM/IkB-IAP2-2. Data are shown as means * SE. Asterisks indicate statistically significant differences (P < 0.01).

as those in NF-kB-active mesangial cells. This result
indicates that other NF-kB—inducible molecules are in-
volved in the TNF-a—inducible cytoprotection in rat mes-
angial cells.

Currently, the types of downstream molecules that
are involved in the NF-kB-mediated cytoprotection in
mesangial cells are unknown; however, several candidates
can be postulated. Those include /EX-1L, A20, Bfl-1/A1,
and manganese superoxide dismutase (MnSOD). /EX-1L
is an immediate-early response gene induced by TNF-a,
and the induction is mediated by NF-«kB. In Jurkat cells,
it plays a key role in cellular resistance to TNF-a—
induced apoptosis [37]. Similarly, anti-apoptotic proteins
A20 and Bfl-1/A1 are induced by NF-kB and are able
to inhibit TNF-a—induced apoptosis in MCF-7 cells and
HeLa cells [38-40]. MnSOD, a mitochondrial enzyme
involved in the scavenging of superoxide radicals, is in-
duced by NF-«kB [41]. Because superoxide anion, but
not other reactive oxygen intermediates, is the crucial
mediator for TNF-a—-induced apoptosis of rat mesangial
cells [27], it may contribute to the NF-kB-mediated cyto-
protection. Indeed, previous reports showed that MnSOD

is essential for cellular resistance to TNF-« in 293 cells
[42]. Further investigation will be required to examine
roles of these molecules in the TNF-a—inducible, NF-«kB—
dependent cytoprotection in rat mesangial cells.
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APPENDIX

Abbreviations used in this article are: BIR, baculovirus IAP repeat;
FADD, Fas-associated death domain; FCS, fetal calf serum; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IAP, inhibitor of apopto-
sis; IkBaM, super-repressor mutant of IkBa; MnSOD, manganese
superoxide dismutase; NF-kB, nuclear factor-k B; TNF-a, tumor necro-
sis factor-a; TNFR1, tumor necrosis factor receptor 1; TRADD, TNFR-
associated death domain.



586

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Harrison DJ: Cell death in the diseased glomerulus. Histopathol-
ogy 12:679-683, 1988

SHimizu A, MasubA Y, KitAMURA H, et al: Apoptosis in progressive
crescentic glomerulonephritis. Lab Invest 74:941-951, 1996

. Suciyama H, Kasninara N, MakiNo H, et al: Apoptosis in glomeru-

lar sclerosis. Kidney Int 49:103-111, 1996

. BAKER AJ, MooNEY A, HUGHES J, ef al: Mesangial cell apoptosis:

The major mechanism for resolution of glomerular hypercellularity
in experimental mesangial proliferative nephritis. J Clin Invest
94:2105-2116, 1994

. Baker SJ, REppy EP: Modulation of life and death by the TNF

receptor superfamily. Oncogene 17:3261-3270, 1998

. WanG CY, Mayo NW, BaLpwiN JAS: TNF- and cancer therapy-

induced apoptosis: Potentiation by inhibition of NF-«kB. Science
274:784-787, 1996

. VAN ANTWERP DJ, MARTIN SJ, KAFRI T, ef al: Suppression of TNF-

a-induced apoptosis by NF-«kB. Science 274:787-789, 1996

. DeEvEraux QL, REeD JC: IAP family proteins: Suppressors of apo-

ptosis. Genes Dev 13:239-252, 1999

. LACasseE EC, BAIRD S, KORNELUK RG, MAcKENzIE AE: The inhibi-

tors of apoptosis (IAPs) and their emerging role in cancer. Onco-
gene 17:3247-3259, 1998

Roy N, Deveraux QL, TakanasHi R, et al: The c-IAP1 and
c-IAP2 proteins are direct inhibitors of specific caspases. EMBO
J 16:6914-6925, 1997

TaxkaHAsHI R, DEVERAUX Q, TamM I, et al: A single BIR domain of
XIAP sufficient for inhibiting caspases. J Biol Chem 273:7787-7790,
1998

UREN AG, PakuscH M, Hawkins CJ, et al: Cloning and expression
of apoptosis inhibitory protein homologs that function to inhibit
apoptosis and/or bind tumor necrosis factor receptor-associated
factors. Proc Natl Acad Sci USA 93:4974-4978, 1996

Kosavasui K, HataNno M, Otak1 M, et al: Expression of a murine
homologue of the inhibitor of apoptosis protein is related to cell
proliferation. Proc Natl Acad Sci USA 96:1457-1462, 1999
AMBROSINI G, Apipa C, ALTiERI DC: A novel anti-apoptosis gene,
survivin, expressed in cancer and lymphoma. Nat Med 8:917-921,
1997

Liston P, Roy N, Tamar K, et al: Suppression of apoptosis in
mammalian cells by NAIP and a related family of IAP genes.
Nature 379:349-353, 1996

Hauser HP, BArRDROFF M, PyrowoLAkls G, JENTSCH S: A giant
ubiquitin-conjugating enzyme related to IAP apoptosis inhibitors.
J Cell Biol 141:1415-1422, 1998

CHEN Z, Narto M, Hori S, et al: A human IAP-family gene, apollon,
expressed in human brain cancer cells. Biochem Biophys Res Com-
mun 264:847-854, 1999

Deveraux QL, TakaHAsHI R, SALVESEN GS, Reep JC: X-linked
IAP is a direct inhibitor of cell-death proteases. Nature 388:300—
304, 1997

Deveraux QL, Roy N, StenNickE HR, et al: IAPs block apoptotic
events induced by caspase-8 and cytochrome c by direct inhibition
of distinct caspases. EMBO J 17:2215-2223, 1998

Tamm I, WANG Y, SausviLLE E, et al: IAP-family protein survivin
inhibits caspase activity and apoptosis induced by Fas (CD95),
Bax, caspases, and anticancer drugs. Cancer Res 58:5315-5320,
1998

Duckerr CS, Nava VE, GEpricH RW, et al: A conserved family
of cellular genes related to the baculovirus iap gene and encoding
apoptosis inhibitors. EMBO J 15:2685-2694, 1996

STeHLIK C, DE MARTIN R, KuMABASHIRI I, er al: Nuclear factor-
kB-regulated X-chromosome-linked iap gene expression protects
endothelial cells from tumor necrosis factor-a-induced apoptosis.
J Exp Med 188:211-216, 1998

SteHLIK C, DE MARTIN R, BINDER BR, Lipp J: Cytokine induced
expression of porcine inhibitor of apoptosis protein (iap) family

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

Furusu et al: IAPs in mesangial cells

member is regulated by NF-kB. Biochem Biophys Res Commun
24:827-832, 1998

Wang CY, Mayo MW, KorNELUK RG, et al: NF-kB antiapoptosis:
Induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to sup-
press caspase-8 activation. Science 281:1680-1683, 1998

CHu ZL, McKinsey TA, Liu L, et al: Suppression of tumor necrosis
factor-induced cell death by inhibitor of apoptosis c-IAP2 is under
NF-kB control. Proc Natl Acad Sci USA 94:10057-10062, 1997
Suaiyama H, SaviLL JS, KitaMURA M, et al: Selective sensitization
to tumor necrosis factor-a-induced apoptosis by blockade of
NF-«B in primary glomerular cells. J Biol Chem 274:19532-19537,
1999

Moreno MV, Isnikawa Y, Lucio CJ, Kitamura M: Selective
involvement of superoxide anion, but not downstream compounds
hydrogen peroxide and peroxynitrite, in tumor necrosis factor-a
induced apoptosis of rat mesangial cells. J Biol Chem 275:12684—
12691, 2000

KitaMURA M, TAYLOR S, UNWIN R, ef al: Gene transfer into the
rat renal glomerulus via a mesangial cell vector: Site-specific deliv-
ery, in situ amplification, and sustained expression of an exogenous
gene in vivo. J Clin Invest 94:497-505, 1994

KitaMURA M, BURTON S, ENGLISH J, et al: Transfer of a mutated
gene encoding active transforming growth factor-B1 suppresses
mitogenesis and IL-1 response in the glomerulus. Kidney Int
48:1747-1757, 1995

Isnikawa Y, Konta T, KitAMURA M: Spontaneous shift in transcrip-
tional profile of explanted glomeruli via activation of the MAP
kinase family. Am J Physiol 279:F954-F959, 2000

IsHikawa Y, Suciyama H, StyLianou E, Kitamura M: Bioflavo-
noid quercetin inhibits interleukin-1-induced transcriptional ex-
pression of monocyte chemoattractant protein-1 in glomerular cells
via suppression of nuclear factor-kB. J Am Soc Nephrol 10:2290—
2296, 1999

MORGENSTERN JP, LanD H: Advanced mammalian gene transfer:
High titre retroviral vectors with multiple drug selection markers
and a complementary helper free packaging cell line. Nucl Acids
Res 18:3587-3596, 1990

CHoMmczyNskI P, Sacchi N: Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 162:156-159, 1987

Duckerr CS, L1 F, WANG Y, et al: Human IAP-like protein regu-
lates programmed cell death downstream of Bcl-xL and cyto-
chrome c. Mol Cell Biol 18:608-615, 1998

OrtH K, Dixir VM: Bik and Bak induce apoptosis downstream
of CrmA but upstream of inhibitor of apoptosis. J Biol Chem
272:8841-8844, 1997

YANG Y, FANG S, JENSEN JP, et al: Ubiquitin protein ligase activity
of IAPs and their degradation in proteasomes in response to apo-
ptotic stimuli. Science 288:874-877, 2000

Wu MX, Ao Z, Prasap KV, et al: IEX-1L, an apoptosis inhibitor
involved in NF-kB-mediated cell survival. Science 281:998-1001,
1998

Orrparl AW Jr, Hu HM, YaBkowitz R, Dixit VM: The A20 zinc
finger protein protects cells from tumor necrosis factor cytotoxicity.
J Biol Chem 267:12424-12427, 1992

Krikos A, Lanerty CD, Dixit VM: Transcriptional activation of
the tumor necrosis factor-a-inducible zinc finger protein, A20, is
mediated by kB elements. J Biol Chem 267:17971-17976, 1992
ZoNG WX, EpeLsTEIN LC, CHEN C, et al: The prosurvival Bcl-2
homolog Bfl-1/A1 is a direct transcriptional target of NF-kB that
blocks TNF-a-induced apoptosis. Genes Dev 13:382-387, 1999
MatrsoN MP, GoobMmAN Y, Luo H, et al: Activation of NF-kB
protects hippocampal neurons against oxidative stress-induced
apoptosis: Evidence for induction of manganese superoxide dismu-
tase and suppression of peroxynitrite production and protein tyro-
sine nitration. J Neurosci Res 49:681-697, 1997

Wone GHW, ELweLL JH, OBErRLEY LW, GoEDDEL DV: Manga-
nous superoxide dismutase is essential for cellular resistance to
cytotoxicity of tumor necrosis factor. Cell 58:923-931, 1989





