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The inhibitor of apoptosis protein (IAP) family consists of a number of evolutionarily conserved proteins
that function to inhibit programmed cell death. X-linked IAP (XIAP) was cloned due to its sequence homology
with other family members and has previously been shown to prevent apoptosis by binding to active caspases
3,7, and 9 in vitro. XIAP transcripts can be found in a variety of tissues, and the protein levels are regulated
both transcriptionally and posttranscriptionally. To better understand the function of XIAP in normal cells,
we generated mice deficient in XIAP through homologous gene targeting. The resulting mice were viable, and
histopathological analysis did not reveal any differences between XIAP-deficient and wild-type mice. We were
unable to detect any defects in induction of caspase-dependent or -independent apoptosis in cells from the
gene-targeted mice. One change was observed in cells derived from XIAP-deficient mice: the levels of c-IAP1
and c-IAP2 protein were increased. This suggests that there exists a compensatory mechanism that leads to
upregulation of other family members when XIAP expression is lost. The changes in c-IAP1 and c-IAP2
expression may provide functional compensation for loss of XIAP during development or in the induction of

apoptosis.

Viruses, in order to propagate more efficiently, have evolved
several strategies to prevent infected cells from dying. One
common mechanism utilized by viruses is to block the host
cell’s apoptotic machinery, and viral genomes thus often en-
code proteins that have antiapoptotic properties. The X-linked
inhibitor of apoptosis protein (XIAP), also known as IAP-
like protein or mammalian IAP homologue A, was originally
cloned as a mammalian homologue of the IAP family of viral
proteins. The IAPs are expressed in baculoviruses and function
to prevent the programmed cell death of infected cells. XIAP
is ubiquitously expressed in all normal tissues (6, 7, 16).

XIAP contains two types of conserved sequence motifs, the
baculovirus IAP repeats (BIRs) and the zinc finger-like RING
finger. The BIRSs are located at the amino-terminal end of the
protein, and XIAP contains three repeats, whereas two repeats
are found in the viral proteins. The nuclear magnetic reso-
nance structures of BIRs 2 and 3 have recently been described
(22, 23). The two BIRs have similar characteristics and resem-
ble a classical zinc finger. The RING finger, believed to medi-
ate protein-protein interactions, is situated at the carboxyl ter-
minus of the protein.

Cells transfected with XIAP are able to block programmed
cell death in response to a variety of apoptotic stimuli (5, 6,
29). It has been shown that recombinant XIAP is able to
specifically block the activity of caspases 3, 7, and 9 (2, 4). In
human cells, XIAP can itself be cleaved by caspases (3) and
cleavage of endogenous XIAP can be detected in T lympho-
cytes undergoing apoptosis (13). The two cleaved fragments
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are still able to inhibit caspase activity (3). The cleavage occurs
in the spacer region between BIR 2 and BIR 3 and correlates
with the caspase-binding specificity of XIAP; the second BIR
associates with caspases 3 and 7 (22, 24) while the third BIR
binds caspase 9 (23).

Two closely related family members with the same overall
structure as XIAP, c-IAP1 and c-IAP2, have been identified
(16, 17, 27). These proteins were cloned due to their associa-
tion with tumor necrosis factor (TNF) receptor-associated fac-
tors (TRAFs) 1 and 2 (17). The interaction of the TRAFs with
the c-IAPs does not involve the RING finger domain of either
the c-IAPs or the TRAFS, but instead, the BIRs bind to the
TRAF domain. Although XIAP has not been shown to asso-
ciate with any TRAF family members, the c-IAPs may have
other functions in common with XIAP. They all share the
ability to specifically inhibit active caspases 3 and 7 (4, 18), but
only XIAP is able to block caspase 9. This difference in spec-
ificity for caspase 9 correlates with structural differences in the
third BIR between XIAP and c-IAP1 (11, 23). Four more
distantly related mammalian family members, NAIP (19), Sur-
vivin, (1) BRUCE (9), and Livin/ML-IAP1 (15, 28), have been
identified in humans. All IAP-like proteins identified have
been shown to have antiapoptotic properties in different sys-
tems. In addition, IAP family members have been identified in
Drosophila melanogaster (10), Caenorhabditis elegans (8), and
yeast (26), demonstrating an evolutionarily conserved role for
these proteins.

Recently, some insights into the function of XIAP have been
made. Firstly, XIAP was shown to interact with transforming
growth factor B (TGF-B)-activated kinase 1 binding protein 1
(TAB1) in a Xenopus system for studying the bone morpho-
genic protein (BMP) signaling pathway (30). BMPs are mem-
bers of the TGF-B family, and signaling by BMP2 or BMP4
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FIG. 1. Generation of XIAP-deficient mice by gene targeting. (A)
Schematic representation of the targeting strategy used to disrupt the
XIAP gene. The locations of exons 1 and 6 are shown. Exons 2 to 5 are
contained within the 8.3-kb HindIII-HindIIl fragment (not shown).
The targeting construct replaces the coding sequence of exon 1 with
the neomycin resistance gene, in the opposite transcriptional orienta-
tion. The sequence used as a probe to screen for homologously re-
combined DNA is shown. B (Bg/II) and H (HindIII) sites are shown for
the genomic and targeted DNA. (B) Southern blot analysis of Bg/II-
digested tail DNA from targeted mice. The WT allele is 4.0 kb, and the
targeted allele is 3.2 kb. The blots were probed with the 0.2-kb BamHI-
EcoRI fragment shown in panel A.

leads to downstream activation of TGF-B-activated kinase 1, a
mitogen-activated protein kinase kinase kinase that is activated
by TABL. The RING finger of XIAP is able to bind both to
TABI and to an upstream BMP receptor (type 1), suggesting
that XIAP may signal in a TGF-B-mediated pathway. Sec-
ondly, XIAP can be upregulated as a result of focal adhesion
kinase overexpression (21). Focal adhesion kinase mediates
signals from integrins and neuropeptides. Finally, levels of
cellular XIAP protein appear to be carefully regulated at the
posttranscriptional level. XIAP translation has been shown to
be upregulated in response to physiological stress (12), and
XIAP can be targeted for proteasome-dependent degradation
upon proapoptotic stimuli (31).

XIAP has been shown to efficiently inhibit apoptosis in a
number of in vitro systems. To further study the role of XIAP
in vivo, mice deficient in the XIAP protein were generated by
homologous gene targeting. Despite complete lack of XIAP
expression, the XIAP-deficient mice were born at the expected
Mendelian frequency, had no obvious physical or histological
defects, and had normal life spans. No obvious defects in
programmed cell death were seen after the induction of apo-
ptosis using a variety of stimuli.

MATERIALS AND METHODS

Targeting strategy. A 0.7-kb PstI-Ncol fragment containing the first two BIRs
of human xiap was used to screen a phage library (Lambda FIX II; Stratagene
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FIG. 2. Targeted mice have no detectable XIAP protein or mRNA.
(A) Western blot analysis of lysate from WT or XIAP-deficient (KO)
embryonic fibroblasts. Lysate from a hybridoma lacking XIAP expres-
sion (F39) was used as a negative control. Lysate from 293 cells served
as a positive control. Molecular mass standards, in kilodaltons, are
indicated on the left. (B) Northern blot analysis of RNA from WT or
XIAP-deficient (KO) tissues. The top blot was probed with a fragment
from exon 1, which is deleted in the KO tissues. The bottom blot shows
a duplicate blot probed with a fragment from exon 6, which is not
affected by XIAP gene targeting. The loading of RNA was verified
using 5S rRNA.

Cloning Systems, La Jolla, Calif.) derived from 129/Sv] mice. The resulting
genomic clones were mapped by restriction digest analysis, Southern blotting,
and sequencing. The genomic organization of mouse xiap has also been pub-
lished (7). A 2.2-kb BamHI-Xbal fragment located 5" of exon 1 and an 8.3-kb
HindIlI-HindIII fragment containing exons 2 to 6 were cut out from the same
phage preparation and subcloned into the pPNT vector (25). Upon linearization,
the resulting targeting construct contained the phosphoglycerate kinase (PGK)-
neo" cassette in a transcriptional orientation opposite that of the XIAP gene, in
between the two subcloned genomic fragments that were flanked on one side by
the PGK-thymidine kinase (TK) cassette.

Generation of XIAP-deficient mice. The electroporation, culture, and selection
of neo’, TK-negative embryonic stem (ES) cells were as previously described
(20). The resulting expanded ES cell clones were screened by Southern blot
analysis of Bgl/II-digested genomic DNA isolated from each clone. The 0.2-kb
BamHI-EcoRI probe used to identify homologously recombined ES cell clones
is shown in Fig. 1A.

ES cells from three independent clones were injected into C57BL/6 blasto-
cysts, and chimeric mice with a large contribution of targeted ES cells were
identified due to their mainly agouti coat color. Largely agouti chimeras were
bred to C57BL/6 females, and the resulting F, progeny were screened by South-
ern blot analysis of tail DNA to determine their genotype. Mice with germ line
transmission of a targeted XIAP allele were intercrossed to generate XIAP-
deficient mice.

Western and Northern blot analysis. Protein lysates were made as previously
described (5). For the TNF-treated samples, confluent mouse embryonic fibro-
blasts were treated with 200 U of human TNF-«a (Boehringer-Mannheim, Indi-
anapolis, Ind.)/ml for 4 h at 37°C before the cells were lysed. Protein concen-
trations were determined by Bradford assay (Bio-Rad Laboratories, Hercules,
Calif.). Protein samples (20 pg [see Fig. 2] or 5 pg [see Fig. 4]) were resolved by
sodium dodecyl sulfate 4 to 12% gradient gel electrophoresis and then trans-
ferred to nitrocellulose membranes by electrophoretic blotting (Novex; Invitro-
gen, Carlsbad, Calif.). XIAP protein was detected using a monoclonal antibody
raised against a protein fragment spanning human XIAP amino acids 268 to 426,
containing the third BIR and the spacer region before the RING finger (catalog
no. H59520; Transduction Laboratories, Lexington, Ky.). c-IAP1 protein was
detected using a monoclonal antibody from the F39 hybridoma, which was raised
against a fragment of c-IAP1 lacking the first BIR and which specifically recog-
nizes ¢-IAP1. c-IAP2 protein was detected using a polyclonal antibody raised
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TABLE 1. Lack of obvious phenotypic abnormalities associated with XIAP deficiency”

Cell type Stimulation

Readout

LN cell

Draining LN cell

Whole mouse
monocytogenes

Response to infection with Leishmania major;
in vitro restimulation with L. major antigen

Splenocyte and thymocyte UV irradiation

Gamma irradiation
CD4* CD8* thymocyte a-CD3 injected i.p.
Thymocyte UV, PMA plus ionomycin

Mouse embryonic fibroblast
ionomycin

a-CD3 plus or minus a-CD28

KLH immunization and in vitro restimulation

Response to infection with Listeria

UV, anisomycin, TNF, heat shock, PMA plus

[*H]thymidine incorporation

[*H]thymidine incorporation, IL-2 and 1L-4
production

CFU in spleen and liver on day 5

Footpad swelling over time; [*H]thymidine
incorporation and IFN-y production

% Apoptosis by PI exclusion

% Apoptosis by PI exclusion

% Apoptosis by PI exclusion

JNK activation

JNK activation

¢ Various assays in which XIAP-deficient mice or cells from these mice responded in a fashion similar to WT littermate controls are listed. Abbreviations: LN, lymph
note; KLH, keyhole limpet hemocyanin; IL, interleukin; IFN-y, gamma interferon; i.p., intraperitoneally; PMA, phorbol myristate acetate; JNK, c-Jun N-terminal

kinase.

against a peptide containing amino acids 507 to 524 of human c-IAP2 (R&D
Systems Inc., Minneapolis, Minn.). Relative amounts of protein were visualized
using an antibody directed against B-tubulin (BD Pharmingen, San Diego, Cal-
if.). Antibody detection was performed using an enhanced chemiluminescence
detection system (Amersham-Pharmacia, Piscataway, N.J.).

Total RNA was purified from wild-type (WT) and knockout (KO) mice using
TRIzol (Gibco BRL, Grand Island, N.Y.). The RNA was equalized as previously
described (14), and the concentration was later determined by spectrophotomet-
ric analysis. Approximately 5 pg of total RNA was used for each sample. The
samples were loaded on an agarose gel, electrophoresed, and blotted as previ-
ously described (14). XIAP transcripts were detected using either a 0.8-kb Xbal-
Ncol probe containing exon 1 or a 0.5-kb HindIII-HindIII probe containing the
RING domain (exon 6). The relative amounts of RNA were visualized using an
end-labeled 5S RNA probe.

Induction of cell death. (i) Fas-mediated apoptosis. Single cell suspensions
from the thymus of WT or XIAP-deficient mice were plated on 24-well plates at
10° cells/well. Anti-Fas antibody (Jo2) or isotype control antibody (BD Pharm-
ingen) was added to a final concentration of 1 pg/ml. Apoptotic CD4* CD8"
cells were identified by staining the cells with fluorescein isothiocyanate-coupled
anti-CD4 and phycoerythrin-coupled anti-CD8 antibodies (BD Pharmingen) in
addition to propidium iodide (PT). The fluorescence-activated cell sorter (FACS)
profiles were gated on CD4" CD8™ cells, and the percentage of PI* cells was
determined.

(ii) UV irradiation and oligomycin-induced apoptosis. Mouse embryonic fi-
broblasts were generated from WT or XIAP-deficient embryos. Fifteen-day-old
embryos were dissected away from surrounding extraembryonic membranes.
Heads, tails, limbs, hearts, and livers were removed. Each embryo was cut into
small pieces and incubated with rotation in 0.05% trypsin-EDTA (3 ml/embryo)
(Gibco BRL) overnight at 4°C. The embryos were placed at 37°C for 30 min,
broken up by pipetting, and then left to sediment for a few minutes. Cells still in
suspension were collected, and sedimented material was treated twice more with
fresh trypsin-EDTA solution for 30 min at 37°C, with cells in suspension col-
lected after each incubation. The pooled cells were plated on tissue culture
dishes and fibroblasts were allowed to grow out in Dulbecco’s minimal essential
medium (21).

Plated fibroblasts of equal degrees of confluency were UV irradiated for 30 s
at 254 nm using a UV Stratalinker 2400 (Stratagene) (corresponding to 1,200 J
m~?) or treated with 50 pg of oligomycin (Sigma, St. Louis, Mo.)/ml. After 24 h,
the percentage of apoptotic cells was determined by PI staining and FACS
analysis.

RESULTS AND DISCUSSION

Gene targeting and generation of XIAP-deficient mice. The
XIAP gene was disrupted by homologous gene targeting.
Three independent ES cell lines were used to generate XIAP-
deficient mice, using the targeting construct shown in Fig. 1A.
This targeting strategy was chosen because it results in the
deletion of exon 1, which is the largest of the six coding exons
and contains the first two BIRs and half of the third. Thus,
even if a partial transcript had been expressed in the targeted
cells, the truncated protein would presumably not be func-
tional. Figure 1B shows an example of Southern blot analysis
of DNA from the offspring of breedings set up to generate
XIAP-deficient mice. The probe used, shown in Fig. 1A, rec-
ognizes a 4.0-kb fragment from the WT allele and a 3.2-kb
fragment from the targeted allele.

Mouse embryonic fibroblasts from mice that lack the WT
allele had no detectable XIAP protein (Fig. 2A). The anti-
XIAP antibody recognizes an epitope contained within the
C-terminal part of the protein, and the DNA encoding this part
was not deleted by the targeting construct, so the antibody
should detect any residual XIAP protein. The Northern blot in
Fig. 2B was hybridized with either a probe derived from exon
1 or a probe derived from exon 6, which is still present in the
targeted allele. The XIAP-deficient RNA samples showed no
distinct transcripts. We concluded that the targeting strategy
used completely abolishes XIAP expression in the targeted
mice.

XIAP-deficient mice were born at the expected Mendelian
ratio, bred normally, and had no overt physical or behavioral
abnormalities. Histological examination of selected tissues
(heart, kidney, liver, lung, and brain) failed to show any dif-
ferences between WT and XIAP KO mice (data not shown).
The mice had life spans of greater than 1 year and did not
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FIG. 3. Apoptosis occurs normally in XIAP-deficient mice. (A)
Fas-mediated apoptosis of double-positive (CD4* CD8*) thymocytes.
WT or XIAP-deficient thymocytes were treated with either isotype
control (ctrl) or anti-Fas (a-Fas) antibody. The percentage of apopto-
tic (PI") cells was determined at the indicated time points. Cells from
one WT and one KO mouse were plated in triplicate, and average
values are shown along with the standard deviation for each triplicate
sample. The data are representative of three separate experiments. (B)
Caspase-dependent or -independent apoptosis. Embryonic fibroblasts
were left untreated (ctrl) or treated with either UV irradiation or
oligomycin. The percentage of apoptotic cells was determined at 24 h
after treatment. WT and KO cells were plated in triplicate, and aver-
age values are shown along with the standard deviation for each trip-
licate sample. The data are representative of two separate experi-
ments.

succumb to disease, even when kept in a non-barrier type
animal facility. The mice had normal numbers of B cells as well
as CD4" and CD8™ T cells, as evidenced by FACS staining of
thymus, spleen, and lymph node cells. In a variety of immuno-
logical assays, shown in Table 1, no significant differences
could be observed between WT and XIAP-deficient mice. For
these analyses and all others reported here, the XIAP KO mice
were of a mixed genetic background between the 129S/SvJ and
C57BL/6 strains. The WT mice used in each assay were litter-
mates of the KO mice analyzed.

Induction of apoptosis occurs normally in XIAP-deficient
mice. Since XIAP can act as an inhibitor of apoptosis in a
variety of systems, we investigated whether programmed cell
death was affected in the XIAP-deficient animals. Fas-medi-
ated apoptosis occurs through direct activation of caspase 8,
which in turn activates caspases 3 and 7, two of the caspases
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FIG. 4. Levels of c-IAP1 and c-IAP2 proteins are upregulated in
XIAP-deficient cells. Western blot analysis of lysate from WT or
XIAP-deficient (KO) embryonic fibroblasts. The cells were either un-
treated or stimulated with 200 U of human TNF-a/ml for 4 h. Gels
were loaded in parallel, and the resulting blots were probed with
antibodies directed against XIAP (A), c-IAP1 (B), or c-IAP2 (C). The
blots were stripped and reprobed with an antibody against B-tubulin,
shown at the bottom of each panel. Molecular mass standards, in
kilodaltons, are indicated on the left.

that XIAP has been shown to inhibit in vitro. Fas-mediated
apoptosis of thymocytes was analyzed (Fig. 3A). Treatment
with anti-Fas monoclonal antibody in vitro induced similar
levels of apoptosis in both WT and XIAP KO CD4" CD8"
thymocytes, indicating that Fas-mediated apoptosis was not
affected by loss of XIAP in this system. Since the two reports
of endogenous XIAP being cleaved by caspases used Jurkat T
cells or T lymphocytes to study this phenomenon (3, 13), thy-
mocytes should be a valid cell type for detecting any abnormal
regulation of apoptosis in the XIAP-deficient cells.

We next investigated whether UV irradiation- and oligomy-
cin-induced apoptosis was affected in XIAP-deficient cells.
Caspase 9-deficient embryonic fibroblasts are resistant to UV
irradiation-induced apoptosis, and thus activation of this
caspase ought to be required for UV-mediated apoptosis in
this cell type. Caspase 9 activity can be inhibited by XIAP in
vitro, and XIAP protein is present in embryonic fibroblasts
(Fig. 2A). In contrast, oligomycin induces cell death in a
caspase-independent manner, and this type of death-inducing
stimulus would presumably not be affected by loss of XIAP.
Embryonic fibroblasts were untreated, UV irradiated, or
treated with oligomycin. No differences in the ability to un-
dergo apoptosis were observed between WT and XIAP-defi-
cient cells following UV irradiation at 1,200 J m 2 or treat-
ment with 50 pg of oligomycin/ml (Fig. 3B). Similar results
were obtained using various doses of UV irradiation and con-
centrations of oligomycin (data not shown).

To characterize the XIAP-deficient mice further, we per-
formed a number of assays focusing on a potential role for
XIAP in the immune system and in particular in response to
apoptotic stimulation. In numerous assays, cells from these
mice responded in a manner indistinguishable from WT cells
to both pro- and antiapoptotic stimuli (Table 1).

Levels of c-IAP1 and c-IAP2 are increased in XIAP-deficient
cells. Since several mammalian homologues have been identi-
fied, it is possible that other family members are able to com-
pensate for the lack of XIAP. To address this issue, we inves-
tigated the levels of c-IAP1 and c-IAP2 protein found in WT or
XIAP-deficient embryonic fibroblasts that were either un-
treated or treated with TNF-a for 4 h. The tubulin levels for
each sample were also determined, as a control for protein
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loading. We noticed a consistent increase of c-IAP1 and c-
IAP2 levels in the XIAP-deficient cells compared to the WT
cells (Fig. 4), but no concomitant increase in tubulin expression
was noticed. The levels of XIAP and c-IAP1 were not affected
by TNF treatment, whereas the level of c-IAP2 decreased upon
treatment. This result suggests that one potential explanation
for the lack of a phenotype in XIAP-deficient mice is due to
compensation by other family members.

It is also possible that we have not found the situation in
which XIAP is critically important in preventing apoptosis in
vivo, either because it is the only IAP family member expressed
or because XIAP can function in a manner distinct from other
family members.

In conclusion, despite a seemingly important role for XIAP
in the inhibition of apoptosis in a variety of in vitro systems,
XIAP-deficient mice do not have any obvious defects in devel-
opment or in the regulation of apoptosis.
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