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TRIM32 Protein Sensitizes Cells to Tumor Necrosis Factor
(TNFa)-induced Apoptosis via Its RING Domain-dependent
E3 Ligase Activity against X-linked Inhibitor of Apoptosis

(XIAP)™
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TRIM32, which belongs to the tripartite motif (TRIM) pro-
tein family, has the RING finger, B-box, and coiled-coil
domain structures common to this protein family, along with
an additional NHL domain at the C terminus. TRIM32
reportedly functions as an E3 ligase for actin, a protein inhib-
itor of activated STAT y (PIASy), dysbindin, and c-Myc, and it
has been associated with diseases such as muscular dystrophy
and epithelial carcinogenesis. Here, we identify a new sub-
strate of TRIM32 and propose a mechanism through which
TRIM32 might regulate apoptosis. Our overexpression and
knockdown experiments demonstrate that TRIM32 sensi-
tizes cells to TNFa-induced apoptosis. The RING domain is
necessary for this pro-apoptotic function of TRM32 as well as
being responsible for its E3 ligase activity. TRIM32 colocal-
izes and directly interacts with X-linked inhibitor of apopto-
sis (XIAP), a well known cancer therapeutic target, through
its coiled-coil and NHL domains. TRIM32 overexpression
enhances XIAP ubiquitination and subsequent proteasome-
mediated degradation, whereas TRIM32 knockdown has the
opposite effect, indicating that XIAP is a substrate of
TRIM32. In vitro reconstitution assay reveals that XIAP is
directly ubiquitinated by TRIM32. Our novel results collec-
tively suggest that TRIM32 sensitizes TNFa-induced apopto-
sis by antagonizing XIAP, an anti-apoptotic downstream
effector of TNFa signaling. This function may be associated
with TRIM32-mediated tumor suppressive mechanism.
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TRIM32/HT2A is a member of the tripartite motif (TRIM)>
protein family. To date, 72 TRIM-encoding genes have been
identified in the human genome, all sharing the same overall
arrangement of RING, B-box, and coiled-coil domains. Their
main divergences are in the number of B-boxes and the natures
of their C-terminal domains, with most TRIMs possessing one
or two additional C-terminal domains, such as B30.2-like/RFP/
SPRY, NHL, ARF, PHD, and BROMO domains (1). TRIM32
has one B-box and six repeats of the NHL motif (2).

Several TRIM genes have been associated with disease. For
example, mutations in TRIM18/MID1, TRIM20/PYRIN, and
TRIM37/MUL have been associated with X-linked Optiz
G/BBB syndrome (3), familial Mediterranean fever (4), and
mulibrey nanism (5), respectively. Mutations in TRIM32 were
recently linked to limb girdle muscular dystrophy type 2H and
sarcotubular myopathy, both of which may be caused by the
same mutation (D487N) at the third NHL repeat (6). Three
additional mutations in the first (R394H), fourth (T520fsX13),
and fifth (D588del) NHL repeats of TRIM32 have also been
found to cause limb girdle muscular dystrophy type 2H (7).
Several TRIM genes have been associated with tumorigenesis;
for example, TRIM19/PML (8), TRIM24/TIFla (9, 10),
TRIM25/EFP (11), and TRIM27/RFP (12) have been linked to
tumor initiation and progression, and the level of TRIM32
mRNA was found to be up-regulated in epidermal cancers (13).
However, the precise biological functions of the majority of
TRIM family members have not yet been characterized.

The RING domain is a characteristic signature of many E3
ubiquitin ligases (14). Ubiquitination is a versatile post-transla-
tional modification mechanism that eukaryotic cells use mainly
to control protein levels through proteasome-mediated prote-
olysis. The large number and variety of proteins regulated by
ubiquitination demand that the process be highly specific; this
specificity is governed by the E3 ligases, which comprise a large
(and growing) protein family. Many TRIMs have been

® The abbreviations used are: TRIM, tripartite motif; IAP, inhibitor of apoptosis;
XIAP, X-linked inhibitor of apoptosis; clAP, cellular; AMC, 7-amino-4-methyl
coumarin; MTT, 1-(4,5-demethyldiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; FLIP, FLICE-inhibitory protein; FLICE, FADD-like IL-1B-converting
enzyme; FADD, Fas-associated death domain; TRITC, tetramethylrhod-
amine isothiocyanate.
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described as having E3 ligase activity, and the precise substrates
of some (but not all) have been identified (15). TRIM2/NARF
binds to and ubiquitinates neurofilament light subunit NF-L
(16). TRIM11 binds to and regulates the levels of the neuropro-
tective 24-residue peptide, humanin, and the neurogenic tran-
scription factor, Pax6 (17, 18). TRIM13/LEU5 binds to and
degrades CD3-6 (19). TRIM18/MID1 degrades the catalytic
subunit of protein phosphatase 2A by binding its a4 regulatory
subunit (20). TRIM21/Ro52 interacts with and ubiquitinates
immunoglobulin G; (21). TRIM22 interacts with and ubiquiti-
nates encephalomyocarditis virus 3C protease (22). TRIM25/
EFP binds to and ubiquitinates 14-3-30, a negative cell cycle
regulator (23), and retinoic acid inducible gene I (RIG-I), a cyto-
solic viral RNA receptor (24). TRIM32 has multiple substrates
including actin, protein inhibitor of activated STAT y (PIASy),
dysbindin and c-Myc (25-28). TRIM41/RINCK binds to and
degrades protein kinase C (29). Finally, TRIM63/MURF1 medi-
ates cardiac troponin I ubiquitination (30). The substrates for
the other TRIMs have not yet been fully identified.

A relative decrease in the amount of anti-apoptotic mole-
cules results in cell death. Anti-apoptotic proteins, such as the
inhibitor of apoptosis proteins (IAPs), FLICE-inhibitory pro-
tein (FLIP), and Bcl-2, may be targeted by proteasomes (31).
Among IAPs, X-linked inhibitor of apoptosis protein (XIAP) is
often overexpressed in malignant cells, where it inhibits apo-
ptosis triggered by multiple stimuli (e.g. the mitochondrial,
death receptor, and endoplasmic reticulum-mediated path-
ways of caspase activation) and is associated with poor clinical
outcome in certain patients (32). XIAP has been considered a
promising target for anti-cancer therapeutics as its degradation
is necessary for rapid initiation of the death pathway (33). How-
ever, no specific E3 ligase activity (except the autoubiquitina-
tion of IAPs) has previously been identified as governing XIAP
ubiquitination.

Here, we show for the first time that TRIM32 has specific E3
ligase activity against XIAP and further investigate the role of
TRIM32 in tumor necrosis factor a (TNFa)-induced apoptosis.
We demonstrate that TRIM32 interacts directly with and
down-regulates XIAP through its RING domain-dependent E3
ligase activity.

EXPERIMENTAL PROCEDURES

Plasmid Construction—The full-length human TRIM32
c¢DNA (IMAGE clone H2906024) was used as a template for
PCR-mediated generation of expression constructs. The cDNA
fragments encoding the RING finger (amino acids 1-96), B-box
(amino acids 97-135), coiled-coil (amino acids 136 —254), NHL
domain (amino acids 255-653), Tat-interacting domain
(amino acids 526-653), RING finger-B-box-coiled-coil
domain (amino acids 1-254), and full-length TRIM32 (amino
acids 1-653) were PCR-amplified and subcloned into the
pFLAG-CMV-2 (Sigma), C-terminally HA-tagged pcDNA3
(Invitrogen), or pEBG vectors for mammalian cell transfection
experiments. The full-length human TRIM32 cDNA was also
subcloned into the pET30b (Novagen) vector for the produc-
tion of recombinant proteins in Escherichia coli. The TRIM32
mutants were generated by deletions of RING finger, B-box, or
coiled-coil domain using the QuikChange mutagenesis kit
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(Stratagene), according to the manufacturer’s recommenda-
tions. Full-length XIAP was cloned into pFLAG-CMV-2,
pEGFP-C2 (Clontech), and pET28a (Novagen). The truncated
mutants of XIAP encoding amino acids 123-497 (ABIR1),
1-123 and 261-497 (ABIR2), and 352-497 (ABIR123) were
generated by PCR with the full-length XIAP as template and
cloned into pFLAG-CMV-2 vector. The ABIR3 (amino acids
1-263 and 330-497) and ARING (amino acids 1-448 and
485—-497) mutants of XIAP were generated by using the
QuikChange mutagenesis kit (Stratagene) with pFLAG-
CMV-2 vector encoding full-length XIAP as template. All
cDNAs were confirmed by direct sequencing.

Generation of Anti- TRIM32 Antibodies—Recombinant His,-
tagged TRIM32 was prepared using Ni*" affinity purification
procedures (Novagen). Mouse and rabbit polyclonal antibodies
were obtained by immunizing mice and rabbits with purified
TRIM32 proteins. The TRIM32 antibodies specifically recog-
nize recombinant and native TRIM32.

Generation of Stably Overexpressing Cell Lines—T o establish
a cell line stably overexpressing full-length human TRIM32, we
used the pMSCVpuro vector (Clontech). Retroviral stocks were
produced according to the manufacturer’s instructions (Clon-
tech). Briefly, GP-293 packaging cells were plated in 100-mm
dishes and cotransfected with pVSV-G (Clontech) and the
recombinant retroviral vector (pMSCVpuro or pMSCVpu-
roTRIM32) using Lipofectamine (Invitrogen). After transfec-
tion, the cells were incubated at 32 °C to increase the viral titer.
Forty-eight hours later, supernatants containing the retroviral
particles were collected, filtered through 0.45-um filters, and
used to infect target cells in the presence of 4 ug/ml Polybrene
(Sigma). Infected cells were thereafter selected through incuba-
tion with 1 ug/ml puromycin (Sigma).

Generation of the Knockdown Cell Line—For the down-reg-
ulation of TRIM32 expression, shRNAs were designed using
the BLOCK-iT™ RNAi designer (Invitrogen). The selected
sense  sequences were 5'-GGTGGAAAGCTTTGGT-
GTTTC-3' (shTRIM32 1467-1488). Complementary oligonu-
cleotides consisting of sense, hairpin loop, and antisense
sequences were annealed and ligated into the pLenti/H1/TO
shRNA expression vector (Invitrogen). The lentivirus and sta-
bly transfected cells were generated according to the manufac-
turer’s instructions (Invitrogen). Briefly, HEK293T cells were
plated in 100-mm dishes and cotransfected with pLP1, pLP2,
pVSV-G (Invitrogen), and recombinant retroviral (pLenti/H1/
TOpuro or pLenti/H1/TOsh1467) vectors using Lipofectamine
(Invitrogen). Forty-eight hours after transfection, supernatants
containing the lentiviral particles were collected and used to
infect target cells in the presence of 4 ug/ml Polybrene. Infected
cells were selected by incubation with 1 ug/ml puromycin.

Immunoprecipitation  and  Immunoblotting—HEK293,
HEK293T, and HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) with 10% fetal bovine serum
(Invitrogen) in a 5% CO, atmosphere at 37 °C. Cells were trans-
fected by the calcium phosphate precipitation method or Lipo-
fectamine (Invitrogen) method. At the indicated times after
transfection, cells were harvested and lysed in a lysis buffer
containing 20 mm HEPES (pH 7.2), 50 mMm NaCl, 0.5% Triton
X-100, 0.1 mm NazVO,, 1 mm NaF, 1 mMm 4-(2-aminoethyl)-
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benzenesulfonyl fluoride hydrochloride, 2 mg/ml leupeptin,
and 5 mg/ml aprotinin. The lysates were incubated with FLAG-
agarose beads (Sigma) or HA-agarose beads (Sigma) for 12 h at
4 °C, washed three times with lysis buffer, resuspended in SDS-
PAGE sample buffer, subjected to SDS-PAGE, and transferred
to a nitrocellulose membrane (Schleicher & Schuell). For
immunoprecipitation of endogenous proteins, cell lysates were
incubated with mouse polyclonal anti-XIAP antiserum or con-
trol mouse preimmune serum at 4 °C for 12 h. Protein A/G-
Sepharose beads (Amersham Biosciences) were added to the
reaction for another 4 h of incubation, washed with lysis buffer,
resuspended in SDS-PAGE sample buffer, and subjected to
SDS-PAGE. After being blocked with 5% skim milk in Tris-
buffered saline (20 mm Tris, pH 7.4, and 150 mm NaCl) contain-
ing 0.05% Tween 20, the membranes were probed with a mouse
or rabbit anti-human TRIM32 antiserum, anti-FLAG (Sigma),
anti-B-actin (Santa Cruz Biotechnology), anti-HA (Sigma),
anti-cleaved caspase-3 (Cell Signaling Technology), anti-ubiq-
uitin (Calbiochem), anti-green fluorescent protein (GFP)
(Santa Cruz Biotechnology), anti-glutathione S-transferase
(GST) (Amersham Biosciences), anti-cIAP-1 (Cell Signaling
Technology), anti-cIAP-2 (Santa Cruz Biotechnology), anti-
Bcl-xL (BD Pharmingen), anti-Bcl-2 (BD Pharmingen), anti-
FLIP (Cell Signaling Technology), anti-Mcl 1 (Cell Signaling
Technology), or anti-XIAP (Cell Signaling Technology). Blots
were washed three times with Tris-buffered saline containing
Tween 20 and incubated with peroxidase-conjugated anti-
mouse, anti-goat, or anti-rabbit immunoglobulin G antibodies.
The results were visualized through the use of a chemilumines-
cence detection system (Pierce).

Caspase Assay—The caspase-3 activity of cell extracts (~10°
cells) was determined using the synthetic substrate, acetyl-Asp-
Glu-Val-Asp-7-amino-4-methyl coumarin (DEVD-AMC; Pep-
tron), according to the manufacturer’s instructions. The AMC
fluorescence released by active caspase-3 was measured at an
excitation wavelength of 360 nm and an emission wavelength of
460 nm. The results are expressed as -fold increase in the
caspase activity of sample cells as compared with that from
control vector-transfected cells.

Cell Death Assays—Annexin V, a specific reagent for phos-
phatidylserine, was used to stain the apoptotic cells. HEK293T
cells were cultured on coverslips for 36 h, treated with 100
ng/ml TNFe, incubated for another 12 h, washed with PBS, and
subsequently washed with a buffer (10 mm HEPES, pH 7.4, 140
mwm NaCl, and 2.5 mm CaCl,). The samples were then stained
with annexin V-fluorescein isothiocyanate (FITC; BD
Pharmingen) diluted 1:40 in the same buffer for 15 min at room
temperature, and washed with PBS. After fixation with 3.7%
paraformaldehyde, the cells were observed under a fluores-
cence microscope. For assessment of nuclear fragmentation,
Lipofectamine was used to transfect HeLa cells with the indi-
cated constructs. The cells were incubated for 24 h and then
treated with 50 ng/ml TNFa and 100 ng/ml cycloheximide.
After 12 h, cells were fixed, permeabilized, stained with
Hoechst dye (Sigma), and then observed under a fluorescence
microscope. Cell viability was assessed as the ability to metab-
olize 1-(4,5-demethyldiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mide (MTT).
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In Vitro Ubiquitin Ligation Assay—Recombinant human E1
and E2 enzymes were prepared as described previously (34), as
was phosphorylated ubiquitin (35). A recombinant ubiquitin
that could be phosphorylated by the cAMP-dependent pro-
tein kinase was constructed by inserting the nucleotide
sequence encoding the kinase recognition motif, LRRASV
(36), in front of the second codon of the human ubiquitin
sequence. The recombinant ubiquitin was Ni>" affinity-pu-
rified and then phosphorylated by cAMP-dependent protein
kinase (1 unit to 7 ug of substrate) in a buffer containing 20
mM Tris (pH 7.4), 12 mm MgCl,, 2 mm NaF, 50 mm NaCl, 25
uM ATP, 5 uCi of [y-**P]ATP, and 0.1 mg/ml bovine serum
albumin. The autoubiquitination reaction mixtures (30 ul)
contained 50 mm Tris (pH 7.4), 5 mm MgCl,, 2 mm NaF, 10
nM okadaic acid, 2 mm ATP, 0.6 mm DTT, 5 ug of >*P-labeled
ubiquitin, E1 enzyme (2 pmol), E2 enzyme (UbcHS5A,
UbcH5B, UbcH5C, or hCdc34; 10 pmol), and the purified
His,-tagged TRIM32 protein (3 or 10 pmol). The mixtures
were incubated at 37 °C for 60 min, the reaction was terminated
with SDS sample buffer, and the samples were boiled for 3 min
prior to SDS-PAGE. The polyubiquitin chains were analyzed by
autoradiography. The target ubiquitination assay was carried
out according to the manufacturer’s instructions (Enzo Life Sci-
ences) with a minor modification using GST-fused XIAP pro-
tein prepared from E. coli as a substrate. Purified GST-XIAP
(100 nm) and His,-tagged TRIM32 protein (full-length or RING
deletion mutant, 50 nm) were incubated in a reaction buffer
including 50 mm Tris-HCL, 1 mm DTT, 5 mm MgCl,, 5 mM ATP,
and 2.5 uMm biotinylated ubiquitin at 30 °C for 1 h. After the addi-
tion of E1 (100 nm) and E2 (UbcH6, 2.5 uMm) enzymes, the reaction
mixtures were incubated at 37 °C for another 2 h. The reaction
was terminated by adding SDS sample buffer, subjected to SDS-
PAGE, and analyzed by immunoblotting.

RESULTS

TRIM32 Overexpression Sensitizes TNFo-induced Apoptosis—
Given that many TRIM proteins (e.g. TRIM11, TRIM19,
TRIM27, TRIM35, TRIM39, and TRIM69) play roles in apo-
ptosis (18, 37—41), we examined the effect of TRIM32 overex-
pression on apoptosis. We generated an HEK293T cell line that
stably overexpressed TRIM32 proteins at an ~5-fold higher
level than that seen in the vector control (Fig. 14). TRIM32
overexpression alone did not appear to induce significant mor-
phological changes (Fig. 1B, upper right panel). Within 12 h
after treatment with TNFea, however, overexpressing cells
became round, displayed membrane ruffling, and initiated
detachment from the dish (all characteristics suggestive of apo-
ptosis), whereas the control cell line stably harboring the empty
plasmid was relatively unaffected by TNFa treatment (Fig. 1B,
lower panels). Following TNFa treatment, TRIM32-overex-
pressing cells also showed markedly more annexin V-positive
cells (Fig. 1B, lower right panel) and elevated caspase-3 activity
(Fig. 1C) as compared with control cells, indicating increased
apoptosis in the TRIM32-overexpressing cells. We thus con-
clude that TRIM32 expression sensitizes cells to TNFa-in-
duced apoptosis. It has been well known that simultaneous
activation of NF«kB by TNFa induces the expression of anti-
apoptotic genes (e.g IAPs, FLIP, and Bcl-2) that inhibit the pro-
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apoptotic signaling activated by TNFa (42—-46). Thus, the de
novo protein synthesis inhibitor, cycloheximide, is often used in
combination with TNFa to induce apoptosis. Based on our
results, we speculated that TRIM32 may facilitate TNFa-in-
duced apoptotic signaling by down-regulating the anti-apo-
ptotic pathway.

Down-regulation of TRIM32 Causes Resistance to TNFa-in-
duced Apoptosis—To confirm the role of TRIM32 in TNFa-
induced apoptosis, we down-regulated TRIM32 expression by
RNA interference-mediated silencing using short hairpin RNA
(shRNA) and examined caspase activity and cell morphology
following treatment with TNFa and cycloheximide. Cells
transfected with the TRIM32 shRNA construct showed ~70%
lower TRIM32 expression levels as compared with vector-
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FIGURE 1. TRIM32 sensitizes cells to TNFa-induced apoptosis. HEK293T
cells stably transfected with a TRIM32-expressing plasmid or control vector
were selected in the presence of 1 wg/ml puromycin. A, cell lysates were
analyzed by immunoblotting with an affinity-purified anti-TRIM32 antibody.
B-Actin was assessed as a loading control. B, cells were treated with 50 ng/ml
TNFa for 6 h, stained with annexin V-FITC, and observed under a fluorescence
microscope. C, caspase-3 activity was detected with a fluorometric assay,
using DEVD-AMC as a substrate. Data are expressed as the mean = S.D. of
three independent experiments.

treated controls (Fig. 24, upper panel). This TRIM32 knock-
down reduced the level of TNFa-induced caspase-3 activation,
as assessed by a caspase-3 autocleavage assay (Fig. 24, middle
panel) and a DEVD-AMC cleavage assay (Fig. 2B), and
decreased the extent of apoptotic morphology (Fig. 2C). Collec-
tively, these findings suggest that TRIM32 is linked with TNFa-
induced apoptotic signaling.

TRIM32 Sensitizes Cells to Apoptosis via Its RING Finger
Domain—To investigate which region of TRIM32 is required
for its effect on TNFa-induced apoptosis, we constructed a
series of TRIM32 deletion mutants (Fig. 3A). Transient trans-
fection of vectors expressing full-length TRIM32 into HeLa
cells followed by treatment with TNFa and cycloheximide for
12 h exacerbates representative apoptotic features, such as
nuclear fragmentation (Fig. 3B). Transfection of vectors encod-
ing RING finger-deleted TRIM32 did not affect this nuclear
fragmentation (Fig. 3B), whereas transient transfection of vec-
tors encoding B-box- or coiled-coil-deleted proteins had the
same effect as transfection of full-length TRIM32 (data not
shown). When these TRIM32 deletions were tested for their
abilities to activate caspase-3 in HEK293 cells, as assessed by a
caspase-3 autocleavage assay and a DEVD-AMC cleavage assay
(Fig. 3C), we found that deletion of the RING finger consistently
abolished the TRIM32-associated caspase-3 activation,
whereas the other deletions had insignificant effects. In addi-
tion, cell viability measurement using an MTT assay confirmed
that TRIM32 sensitizes cells to TNFa-induced apoptosis in a
RING finger-dependent manner (Fig. 3D).

TRIM32 Has RING Finger-dependent Ubiquitin Ligase
Activity—TRIM32 has been considered as an E3 ubiquitin
ligase due to the presence of the RING finger domain in its
structure. In the present study, we performed an in vitro ubiq-
uitination assay with purified recombinant TRIM32 protein. In
agreement with a previous report (25), recombinant TRIM32
displayed autoubiquitination in the absence of substrate and in
the presence of ATP, ubiquitin, the E1 enzyme, and E2 enzymes
such as UbcH6 (see below), UbcH5a, and UbcH5c¢, but not
Cdc34 (Fig. 4A). We found that UbcH5b also functioned as an
E2 for TRIM32, although to a lesser extent than UbcH5a or
UbcH5c¢ under our experimental conditions (Fig. 44, lanes 10
and 11). To test the in vivo relevance of the E3 ligase activity of
TRIM32, we transfected HEK293 cells with vectors encoding
full-length or RING finger-deleted TRIM32 and analyzed the
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FIGURE 2. TRIM32 knockdown makes cells resistant to TNFa-induced apoptosis. HEK293T cells were infected with lentiviral constructs for expressing
TRIM32 shRNA or control shRNA, and the infected cells were pooled after 1 wg/ml puromycin selection. The cells were then treated with 50 ng/ml TNFa and 100
ng/ml cycloheximide (CHX) for 12 h. A, cell lysates were analyzed by immunoblotting with an anti-TRIM32 antibody to detect TRIM32 expression levels and with
an anti-cleaved caspase-3 antibody to detect caspase-3 activity. ns, nonspecific. B, caspase-3 activity was also detected with a fluorometric assay Data are
expressed as the mean = S.D. of three independent experiments. C, cell morphologies were observed under a microscope.
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FIGURE 3. TRIM32 regulates TNFa-induced apoptosis through its RING domain. A, schematic representation of full-length TRIM32 and the TRIM32
deletions (ARING, AB-box, ACC, ANHL) used to determine the domain responsible for sensitizing cells to TNFa-induced apoptosis. B, HeLa cells were transiently
transfected with vectors encoding full-length or RING finger-deleted TRIM32. After 24 h, cells were treated with 50 ng/ml TNFa and 100 ng/ml cycloheximide
(CHX) for 12 h. Cell morphology was observed under a microscope (upper panels), and nuclear morphology was examined by Hoechst staining (lower panels).
C, HEK293 cells were transiently transfected with vectors encoding full-length and deleted TRIM32. After 24 h, cells were treated with 100 ng/mlI TNFa for 12 h.
The caspase-3 activities of cell lysates were analyzed by detecting DEVD-AMC hydrolysis and proteolytic cleavage of caspase-3. Data are expressed as the
mean = S.D. of three independent experiments. Expression of the various TRIM32 proteins was confirmed by immunoblotting with an anti-HA antibody and
normalized with an anti-B-actin antibody on the same blot. D, HEK293 cells were transiently transfected with vectors encoding full-length and RING-deleted
TRIM32. After 24 h, cells were treated with 100 ng/ml TNFa for 12 h. Cell viability was measured by the MTT assay. Data are expressed as the mean = S.D. of three
independent experiments.
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FIGURE 4. TRIM32 has RING finger-dependent ubiquitin (Ub) ligase activity. A, in vitro autoubiquitination assay of recombinant TRIM32. Purified recom-
binant TRIM32 protein was incubated together with ET and an E2 (UbcH5A, UbcH5B, UbcH5C, or Cdc34), along with *2P-labeled ubiquitin and ATP. The results
were visualized using autoradiography. n.s., nonspecific. B, intracellular autoubiquitination of TRIM32. Vectors encoding FLAG-tagged full-length TRIM32 or
the RING-deleted TRIM32 were transiently transfected into HEK293 cells. After 30 h, cells were lysed and immunoprecipitated with anti-FLAG-agarose.

Immunoprecipitates (/P) and whole cell extracts (WCE) were analyzed by immunoblotting (/B) with anti-ubiquitin and anti-FLAG antibodies.

autoubiquitination of TRIM32. Ubiquitin-conjugated high
molecular mass TRIM32 complexes accumulated in lysates
from cells transfected with vectors encoding full-length
TRIM32, but not in lysates from cells expressing the RING fin-
ger deletion mutant (Fig. 4B, right panel) or the RING finger
point mutant (C23A, data not shown). These findings indicate
that TRIM32 has RING finger-dependent E3 ubiquitin ligase
activity.

TRIM32 Expression Down-regulates XIAP in a Proteasome-
dependent Manner—Based on the above results, we speculated
that TRIM32 may ubiquitinate an anti-apoptotic protein, tar-
geting it for degradation and thereby facilitating TNFa-in-
duced apoptosis. To examine this hypothesis further, we exam-
ined whether TRIM32 expression could down-regulate the
expression levels of the major known anti-apoptotic proteins,
including NF«B and its downstream effectors, such as members
of the Bcl-2 family, the IAP family, and FLIP (47). Determina-
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tion of the endogenous protein level of Bcl-xL, Bcl-2, cellular
IAP-1 (cIAP-1), cellular IAP-2 (cIAP-2), Mcl 1, FLIP, and XIAP
revealed that transient transfection of vectors encoding
TRIM32 decreased the cellular level of endogenous XIAP, but
did not affect the levels of Bcl-xL, Bcl-2, cIAP-1, cIAP-2, Mcl 1,
or FLIP in HEK293T (Fig. 5A). Consistently, TRIM32 overex-
pression specifically decreased XIAP level in C2C12 murine
myoblast cells (supplemental Fig. S1).

To localize the region of TRIM32 required for XIAP down-
regulation, we cotransfected HEK293 cells with various
TRIM32 deletion constructs and FLAG-tagged XIAP and then
determined the cellular levels of XIAP (Fig. 5B8). TRIM32 over-
expression decreased the levels of ectopically expressed XIAP.
Although deletion of B-box or coiled-coil domain from
TRIM32 did not block this XIAP down-regulation, the RING
finger deletion mutant failed to down-regulate XIAP, indicat-
ing that XIAP regulation by TRIM32 is RING finger-dependent
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FIGURE 5. TRIM32 induces degradation of XIAP in a RING finger-depen-
dent manner. A, vectors encoding FLAG-tagged full-length TRIM32, RING-
deleted TRIM32, or TRIM2 were transiently transfected into HEK293T. After
36 h, cells were treated with 50 ng/ml TNFa and 100 ng/ml cycloheximide for
12 h. The amounts of endogenous XIAP, clAP-1, clAP-2, Bcl-xL, Bcl-2, c-Mcl 1,
and c-FLIP proteins were analyzed by immunoblotting (/B) with their specific
antibodies. B-Actin was monitored as a loading control. B, vectors encoding
HA-tagged full-length or the various deleted TRIM32 were transiently
cotransfected into HEK293 cells along with vectors encoding FLAG-tagged
XIAP and pEBG (GST control). XIAP levels were determined by immunoblot-
ting with an anti-FLAG antibody, and the results were normalized to those
obtained with an anti-GST antibody. The expression levels of the TRIM32 con-
structs were detected by immunoblotting with an anti-HA antibody. C, Hela
cells were transiently transfected with the vector encoding HA-tagged
TRIM32 or the control vector. After 24 h, cells were incubated with or without
10 um MG132 for 4 h. Cell extracts were prepared and analyzed by immuno-
blotting with anti-XIAP and anti-HA antibodies, and the results were normal-
ized to those from an anti-GST antibody.

(Fig. 5B). To examine whether this regulation is specific for
TRIM32, we performed parallel experiments using another
TRIM family member, TRIM2, which shares exactly same
domains with TRIM32. TRIM2 expression did not affect XIAP
levels (Fig. 5A4). We thus suggest that TRIM32 specifically con-
trols XIAP protein levels through its E3 ligase activity.

To examine whether the down-regulation of XIAP by
TRIM32 is proteasome-mediated, we determined endogenous
XIAP levels in the absence or presence of MG132, an inhibitor
of the 26 S proteasome. Treatment of cells with 10 um MG132
blocked the TRIM32-induced reduction in XIAP levels (Fig.
5C). These results, together with those shown in Fig. 4, suggest
that TRIM32 promotes proteasome-dependent degradation of
XIAP via its E3 ligase activity.

TRIM32 Interacts with XIAP—Several TRIM family mem-
bers have been shown to bind to their relevant substrates. To
determine whether TRIM32 interacts directly with XIAP, we
cotransfected HEK293T cells with HA-tagged TRIM32 and
FLAG-tagged IAPs (XIAP or the control IAPs, cIAP-1 or cIAP-
2), recovered the immunoprecipitates, and analyzed them by
immunoblotting. TRIM32 was consistently detected in immu-
noblots of FLAG-XIAP immunoprecipitates but not in FLAG-
cIAP-1 or FLAG-cIAP-2 immunoprecipitates (Fig. 64). To
test for an endogenous interaction, we immunoprecipitated
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HEK293T cell lysates with an anti-XIAP antibody and used an
anti-TRIM32 antibody for immunoblotting. Specific coprecipi-
tation of endogenous TRIM32 was detected with the anti-XIAP
antibody but not with control preimmune serum (Fig. 6B). To
define the XIAP binding domain in TRIM32, we used a series of
FLAG-tagged TRIM32 domain constructs and analyzed their
binding to GFP-XIAP by immunoprecipitation (Fig. 6C). Nei-
ther the RING finger domain (amino acids 1-96) nor the B-box
domain (amino acids 97-135) of TRIM32 could bind to XIAP.
However, both the coiled-coil domain (amino acids 136 -254)
and the NHL domain (amino acids 255— 653; or more precisely,
the fourth to sixth NHL repeats; Tat-interacting domain, amino
acids 526 —653) of TRIM32 were able to interact with XIAP. In
contrast, TRIM2 could not bind to XIAP, indicating the speci-
ficity of the TRIM32-XIAP interaction (Fig. 6C, right panel). To
define the TRIM32 binding domain within XIAP, we prepared
a series of XIAP truncation mutants and analyzed their binding
to TRIM32 by immunoprecipitation (Fig. 6, D and E). XIAP
mutants without the BIR2 domain, such as FLAG-XIAP ABIR2
and FLAG-XIAP ABIR123, could not bind to TRIM32. How-
ever, ABIR1, ABIR3, and ARING XIAP mutants retained the
ability to bind to TRIM32. Together, the results indicate that
the BIR2 domain of XIAP and both the coiled-coil and the NHL
domains of TRIM32 are critical for interaction between these
two proteins. We next examined the localization of TRIM32
and XIAP in HEK293T cells coexpressing HA-tagged TRIM32
and FLAG-tagged XIAP. The immunostaining patterns of the
two proteins were superimposed, suggesting that the proteins
colocalize (Fig. 7).

TRIM32 Ubiquitinates XIAP—Our findings that TRIM32
has E3 ubiquitin ligase activity (Fig. 4), XIAP levels are
decreased in TRIM32-overexpressing cells (Fig. 5), and
TRIM32 specifically interacts with XIAP (Figs. 6 and 7) suggest
that XIAP might be a substrate for TRIM32 E3 ligase activity.
To examine this possibility in more detail, we tested the poly-
ubiquitination of XIAP in vivo and in vitro. We found that ubiq-
uitin-conjugated high molecular mass XIAP complexes accu-
mulated in HEK293 cells expressing full-length TRIM32 but
much less in those expressing the RING finger deletion mutant
(Fig. 84). Weak accumulation of a high molecular mass XIAP
complex in cells expressing XIAP alone or with mutant
TRIM32 is likely caused by self-ubiquitination of XIAP (48). To
test whether XIAP is directly ubiquitinated by TRIM32, an in
vitro ubiquitination assay was performed with purified proteins
(Fig. 8B). Recombinant TRIM32 displayed ubiquitination activ-
ity against recombinant XIAP in the presence of ATP, ubiqui-
tin, E1, and E2 (UbcH6), whereas the RING finger deletion
mutant did not. These results together indicate that TRIM32
ubiquitinates XIAP through its RING finger-dependent E3
ligase activity. Based on our findings that TRIM32 sensitizes
cells to TNFa-induced apoptosis in a RING finger-dependent
manner, TRIM32 has RING finger-dependent E3 ligase activity,
and TRIM32 promotes proteasome-dependent degradation of
XIAP via direct binding and ubiquitination, we propose that
TRIM32 sensitizes TNFa-induced apoptosis by inhibiting an
anti-apoptotic pathway via its RING finger-dependent E3 ubiq-
uitin ligase activity against XIAP (Fig. 8C).
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FIGURE 6. TRIM32 interacts with XIAP. A, vectors encoding HA-tagged TRIM32 and FLAG-tagged XIAP, clAP-1, or clAP-2 were transiently transfected into
HEK293 cells. After 30 h, cell lysates were immunoprecipitated (/P) with mouse anti-FLAG-agarose beads and analyzed by immunoblotting (/B) with rabbit
anti-HA and anti-FLAG antibodies. WCE, whole cell extracts. B, HEK293T cell lysates were immunoprecipitated with a mouse anti-XIAP antibody or mouse
preimmune serum and analyzed by immunoblotting with a rabbit anti-TRIM32 antibody. C, vectors encoding GFP-tagged XIAP and a FLAG-tagged TRIM32
domain (RING, B-box, coiled-coil, NHL, or Tat-interacting domain (7ID)), full-length TRIM32, or TRIM2 were transiently transfected into HEK293 cells. After 30 h,
cell lysates were immunoprecipitated with mouse anti-FLAG-agarose beads and analyzed by immunoblotting with a rabbit anti-GFP antibody. HC, immuno-
globulin heavy chain; LC,immunoglobulin light chain. D, schematic representation of full-length XIAP and the truncated mutants (ABIR1, ABIR2, ABIR3, ARING,
and ABIR123) used to determine the domain responsible for binding to TRIM32. E, vectors encoding HA-tagged TRIM32 and FLAG-tagged XIAP variants were
transiently transfected into HEK293T cells. The cell lysates were immunoprecipitated with anti-HA-agarose beads and analyzed by immunoblotting with

anti-FLAG antibody.

DISCUSSION

Here, we show that TRIM32 ubiquitinates XIAP and targets
it for proteasomal degradation. Proteasome-mediated degrada-
tion of IAPs may be an important regulatory step through
which cells that have received an apoptotic signal actually pro-
gress to cell death. A previous report found that cIAP and XIAP
were selectively lost in glucocorticoid- and etoposide-treated
thymocytes prior to cell death (49). Furthermore, the protein
levels of XIAP were shown to decrease during cisplatin-induced
apoptosis of ovarian surface epithelial cancer cell lines (50).
IAPs have been shown to catalyze their own ubiquitination,
suggesting that their abundance may be actively self-regulated
(49). However, RING-less XIAP is not completely resistant to
proteasome-mediated degradation, prompting researchers to
speculate that this protein can also serve as a target for other E3
ligases (49). A recent report showed that the RING domain of
cIAP-1 allows it to bind directly to the RING domain of XIAP,
triggering ubiquitination and proteasomal degradation of
XIAP, thereby revealing a mechanism for regulating the abun-
dance of IAPs (51). This cross control of IAPs might explain
why cIAP protein levels are elevated in XIAP-null mice and why
XIAP-null mice have a normal phenotype (52). Three negative
regulators of XIAP have been identified to date: XIAP-associ-
ated factor (XAF1), Smac/direct IAP-binding protein with low
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pl (DIABLO), and Omi/HtrA2, a serine protease. XAF1 redis-
tributes XIAP from the cytoplasm to the nucleus, resulting in
the inactivation of XIAP (53). Smac/DIABLO is released from
mitochondria and inhibits XIAP by stoichiometric binding,
increasing the availability of caspase-9 to activate the effector
caspases (54, 55). Omi/HtrA?2 is also released from mitochon-
dria; it catalytically cleaves and thereby irreversibly inactivates
IAPs (56, 57). In addition to these known regulators, we herein
identify TRIM32 as a novel negative regulator that catalyzes the
ubiquitination of XIAP. We observed that TRIM32 bound to
and directly catalyzed XIAP ubiquitination in a RING finger-
dependent manner. However, we cannot exclude the possibility
that TRIM32 may cause indirect ubiquitination of XIAP under
certain circumstances. Two possible scenarios may be envis-
aged. First, TRIM32 may stimulate the XIAP E3 ligase activity
that is directed against XIAP itself. Second, TRIM32 may alter
an auxiliary factor that in turn stimulates ubiquitination of
XIAP.

TNFa, a cytokine known to trigger death receptor-mediated
apoptosis, simultaneously induces both the caspase-dependent
pro-apoptotic pathway and the NFkB-mediated anti-apoptotic
pathway (58) (Fig. 8C). Specific inhibition of this anti-apoptotic
pathway, for example by down-regulation of NF«B or one of its
downstream effectors (e.g. XIAP, FLIP, or Bcl-xL), may facili-
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tate the pro-apoptotic pathway of TNFa« signaling (47). Here,
we propose that TRIM32 sensitizes TNFa-induced apoptosis
by inhibiting an anti-apoptotic pathway via direct ubiquitina-
tion of XIAP. As XIAP is known to block the actions of caspases
involved in apoptosis induced by either the extrinsic or the
intrinsic pathways, we further tested whether TRIM32 sensi-
tized apoptosis induced by pro-apoptotic agents other than
TNFaq, an extrinsic signal transducer (59). As shown in supple-
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mental Fig. S2, TRIM32 expression also exacerbated apoptosis
induced by etoposide and staurosporine, both of which trigger
the intrinsic pathway. This suggests that TRIM32 may act as a
general sensitizer of various pro-apoptotic signals triggering
either the intrinsic or the extrinsic pathway.

As an E3 ubiquitin ligase, TRIM32 has multiple physiological
substrates and is likely to be involved in a variety of physiolog-
ical functions. Actin, protein inhibitor of activated STAT y
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(PIASy), Ablinteractor 2, and dysbindin have all been identified
as TRIM32 substrates, degradation of which is involved in myo-
genesis and epithelial carcinogenesis, possibly in a cell type-
specific manner (25-27, 60). Recently, targeted degradation of
c-Myc by TRIM32 was shown to induce neuronal differentia-
tion and to inhibit proliferation of neural progenitor cells (28).
Mutations of Drosophila TRIM32 orthologs, Brat and Mei-P26,
develop tumors in flies (61). However, redundancy with other
tumor suppressors that prevents overproliferation could pro-
vide an explanation for the lack of tumor promotion when
TRIM32 was mutated in vertebrates (28). Here, we report a new
TRIM32 substrate: XIAP. XIAP is frequently overexpressed in
malignant tissues and is thus regarded as a potential cancer
therapeutic target (32, 33). We demonstrate that TRIM32
interacts with and ubiquitinates XIAP in a RING finger-depen-
dent manner and thus sensitizes TNFa-induced apoptosis.
Therefore, we suggest that TRIM32 should perhaps be consid-
ered a novel tumor-suppressive agent.
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