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Tumor necrosis factor alpha (TNF-�) plays a role in apoptosis and proliferation in multiple types of cells, and defects in TNF-�-
induced apoptosis are associated with various autoimmune diseases. Here, we show that TRIM27, a tripartite motif (TRIM) pro-
tein containing RING finger, B-box, and coiled-coil domains, positively regulates TNF-�-induced apoptosis. Trim27-deficient
mice are resistant to TNF-�–D-galactosamine-induced hepatocyte apoptosis. Trim27-deficient mouse embryonic fibroblasts
(MEFs) are also resistant to TNF-�– cycloheximide-induced apoptosis. TRIM27 forms a complex with and ubiquitinates the
ubiquitin-specific protease USP7, which deubiquitinates receptor-interacting protein 1 (RIP1), resulting in the positive regula-
tion of TNF-�-induced apoptosis. Our findings indicate that the ubiquitination-deubiquitination cascade mediated by the
TRIM27-USP7 complex plays an important role in TNF-�-induced apoptosis.

The tripartite motif (TRIM) family of proteins is defined by a set
of domains known as the RBCC motif, which consists of the

RING (really interesting new gene 1) finger, one or two B-box
motifs, and a coiled-coil region (1). The RING finger is a zinc-
binding domain with an important role in ubiquitin (Ub) E3 li-
gase binding to Ub-conjugating enzymes (E2) (2). The B box is
structurally related to the RING domain and is required for vari-
ous biological functions (3), although its roles remain unclear.
The coiled-coil region is mainly involved in homo- and heterodi-
meric interactions for large-complex formation (4). Many TRIM
proteins are induced by interferons (IFNs), which are crucial for
resistance to pathogens, and a series of recent studies indicates that
some TRIM proteins play an important role in the broader im-
mune response (5). For instance, TRIM25 ubiquitinates the
caspase recruitment domains (CARD) of RIG-I (retinoic acid in-
ducible gene I), a cytosolic receptor for viral RNAs, and this ubiq-
uitination is required for IFN-� production and NF-�B promoter
activation (6). TRIM30� negatively regulates Toll-like receptor
(TLR)-mediated NF-�B activation by targeting the adaptors
TAB2 (transforming growth factor �-activated kinase 1 [TAK1]-
binding protein 2) and TAB3 for degradation, which results in the
inhibition of TRAF6 (TNF receptor-associated factor 6) activity
and I�B� phosphorylation (7). TRIM56 induces K63-linked
polyubiquitination of STING (stimulator of interferon genes),
which regulates intracellular DNA-mediated, type I IFN-depen-
dent innate immunity (8). This ubiquitination is required for
STING dimerization, TBK1 (TANK [TRAF family member-asso-
ciated NF-�B activator]-binding kinase 1) recruitment, and
IFN-� promoter activation. TRIM23 mediates K27-linked ubiq-
uitination of NEMO (NF-�B essential modulator), which is im-
portant for NF-�B activation downstream of RIG-like receptor
and TLR3 in response to viral double-stranded RNA (dsRNA) (9).

TRIM27 (also known as the Ret finger protein [RFP]) is one of
the TRIM family proteins and was originally found to be fused to
the ret proto-oncogene in transformed NIH 3T3 cells (10).
TRIM27 plays a role in transcriptional regulation through inter-
action with retinoblastoma protein (Rb) and the Mi-2�-contain-
ing histone deacetylase complex in the nucleus (11, 12). TRIM27

contains a nuclear export sequence and shuttles between the cy-
toplasm and the nucleus (13). In the cytosol, TRIM27 interacts
with the I�B kinase (IKK) family of kinases and with TBK1, which
inhibits NF-�B-dependent and IRF3-dependent transcriptional
activation (14). This inhibition does not depend on the RING
finger of TRIM27, and the mechanism underlying the negative
regulation by TRIM27 has not been elucidated.

Tumor necrosis factor alpha (TNF-�) is a potent inflammatory
cytokine that induces apoptosis of tumor cells but not normal
cells, with the exception of hepatocytes, neural cells, and thymo-
cytes (15). Dysregulation of TNF-� signaling is often correlated
with autoimmune diseases, including type 1 diabetes and Crohn’s
disease (16). Recent studies have shown that ubiquitination plays
a crucial role in TNF-� signaling (17). Upon binding to TNF-�,
TNF receptor 1 (TNFR1) recruits TRADD (TNFR1-associated
death domain protein) (18) and triggers the formation of two
distinct complexes, complex I and complex II (19). The mem-
brane-associated complex I, which activates NF-�B, contains
TRADD, TRAF2, TRAF5, RIP1 (receptor-interacting protein ki-
nase 1), cIAP1 (cellular inhibitor of apoptosis 1), and cIAP2. Both
cIAP1 and cIAP2 are RING finger-containing ubiquitin ligases
that catalyze the K63-linked polyubiquitination of RIP1 (20, 21).
K63 linked polyubiquitin (poly-Ub) chains recruit TAK1 and IKK
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complexes by binding to the regulatory subunits TAB2 and
NEMO, activating NF-�B to induce a group of cell survival genes
(22). Activation of NF-�B via complex I triggers the dissociation
of TRADD, RIP1, and TRAF2 from complex I and the formation
of cytoplasmic complex II, which contains FADD (Fas-associated
death domain protein) and procaspase-8. Procaspase-8 is pro-
cessed into the mature caspase-8, which cleaves procaspase-3 into
the mature effector caspase-3 to initiate apoptosis (19). The bal-
ance between complex I-dependent cell survival and complex II-
dependent apoptosis is regulated by multiple factors, and TNF-�
does not induce apoptosis in most cells. NF-�B activation rapidly
induces the expression of several antiapoptotic proteins, includ-
ing cIAPs and c-FLIP (cellular FLICE-inhibitory protein), which
prevent the activation of procaspase-8. NF-�B upregulates the
expression of A20, which forms a ubiquitin-editing complex that
removes K63-linked poly-Ub chains to induce RIP1 degradation
(23, 24). Another deubiquitinating enzyme, CYLD, which is the
product of the cylindromatosis tumor suppressor gene CYLD, also
specifically cleaves K63-linked poly-Ub chains bound to RIP1,
releasing RIP1 from complex I and promoting the formation of
complex II (25–27). However, additional factors regulating the
balance between TNF-�-induced apoptosis and cell survival may
exist.

In the present study, we showed that TRIM27 plays a role in the
regulation of TNF-�-induced apoptosis by forming a complex
with the Ub-specific protease USP7, leading to the removal of
poly-Ub from RIP1.

MATERIALS AND METHODS
Generation of Trim-27�/� mice. Trim27�/� mice were generated by ho-
mologous recombination in TT2 ES cells as described previously (28). The
Trim27 gene was disrupted by replacing the 560-bp DNA fragment, which
corresponds to the 430 bp upstream from the ATG initiation codon and
the 130 bp of exon 1, with a neomycin cassette (see Fig. S1 in the supple-
mental material). This resulted in the deletion of the N-terminal initiator
codon and the RING finger. Trim27�/� C57BL/6 congenic mice were
generated by backcrossing onto a C57BL/6 genetic background for more
than 10 generations. All mice used were 8- to 10-week-old males. Exper-
iments were conducted in accordance with the guidelines of the Animal
Care and Use Committee of the RIKEN Institute.

TNF-�–GalN-induced toxicity. Mice were sensitized by intraperito-
neal administration of GalN [D-(�)-galactosamine hydrochloride;
Sigma] at 700 mg per kg body weight. After 15 min of GalN treatment,
recombinant mouse TNF-� (20 �g/kg; Peprotech) was administered in-
traperitoneally, and the mortality rate was measured over the next 24 h.

Serum ALT and AST measurement. Blood was collected from the
saphenous vein at 4 h after TNF-�–GalN treatment, serum was prepared,
and alanine aminotransferase (ALT) and aspartate transaminase (AST)
activities were analyzed with a colorimetric assay kit according to the
manufacturer’s protocol (BioVision).

Assay of caspase 3 and caspase 8 activity. Caspase-3 and -8 activities
were measured using a caspase-3/8 colorimetric activity assay kit (Milli-
pore). At 6 h after TNF-�–GalN treatment, livers were collected and ho-
mogenized in a Dounce homogenizer by extraction buffer (Millipore).
After brief centrifugation, caspase-3 and -8 activities of the homogenate
were measured according to the manufacturer’s protocol.

TUNEL assay. To examine apoptosis in hepatic cells, mouse livers
were excised 6 h after treatment and fixed in 4% paraformaldehyde. Par-
affin-embedded sections (5 �m) were analyzed by TUNEL (terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) as-
say using an in situ cell death detection kit (Roche).

Histology and immunohistochemistry. Histopathological analysis of
paraffin-embedded liver tissue sections were performed by hematoxylin

and eosin (H&E) staining. Cleaved caspase-3 immunohistochemistry was
performed as described by Bellenger et al. (29) using anti-cleaved
caspase-3 antibody (Cell Signaling Technology).

Cell culture and cell viability assay. Mouse embryo fibroblasts
(MEFs) were isolated from embryos at 14.5 days postcoitus. Spontane-
ously immortalized MEFs were isolated. MEFs, cells of the human hepa-
toma cell line HepG2, and cells of the human embryonic kidney cell line
293T were cultured in Dulbecco’s modified Eagle’s medium (Nissui Phar-
maceuticals) with 10% bovine calf serum (HyClone) or fetal calf serum
(Roche). To examine viability of MEFs, cells (1 � 104) were seeded into
96-well plates. At 24 h after incubation, cells were treated with various
combinations of recombinant mouse TNF-� (Peprotech), cycloheximide
(Sigma), anti-FAS antibody (BD Bioscience), TRAIL with enhancer anti-
body (Enzo Life Science), etoposide (Sigma), or the USP7 inhibitor HBX
41,108 (Calbiochem) for the times given in the figure legends, and cell
viability was assessed colorimetrically using cell counting kit 8 (Dojindo,
Tokyo, Japan).

Electrophoretic mobility shift assay (EMSA). MEFs (1 � 106) were
cultured for 24 h and treated with TNF-� (20 ng/ml) for times given in the
figure legends. Nuclear extracts were prepared and subjected to EMSA
using a 32P-radiolabeled double-stranded NF-�B probe (AGTTGAGGG
GACTTTCCCAGGC) as described by Thapa et al. (30). For the supershift
assay, nuclear extract was preincubated with anti-p65 antibody (Santa
Cruz) on ice for 10 min before addition of radiolabeled NF-�B probe.

Flow cytometry. One day after culture, MEFs were collected with
trypsin, washed with phosphate-buffered saline (PBS) and fluorescence-
activated cell sorting (FACS) buffer (1% bovine serum albumin [BSA]-
PBS), blocked using Fc blocking reagent (BD Bioscience), and stained
with phycoerythrin (PE)-conjugated anti-mouse TNFR antibody (Bioleg-
end) for 30 min at 4°C. Cells were washed twice with FACS buffer and
analyzed with a FACSCalibur flow cytometer (Becton, Dickinson).

Real-time RT-PCR. Total RNA was isolated from MEFs using TRIzol
(Invitrogen). Real-time reverse transcription-PCR (RT-PCR) was per-
formed using an ABI 7500 real-time PCR instrument and the QuantiTect
SYBR green one-step RT-PCR kit (Qiagen), according to the manufactur-
er’s instructions. The PCR conditions were 50°C for 30 min, 95°C for 15
min, and 40 cycles of 94°C for 15 s, 60°C for 35 s, and 72°C for 35 s. The
primer sequences are shown in Table S1 in the supplemental material. The
relative level of mRNA expression was normalized to the amount of 18S
rRNA using rRNA control reagents (Applied Biosystems).

Subcellular localization of TRIM27. The subcellular localization of
TRIM27 and USP7 was immunohistochemically examined as described
previously (13). HepG2 cells or MEFs were transfected with 3 or 1.5 �g of
the expression vector using Lipofectamine (Invitrogen). Forty-eight
hours after transfection, cells were fixed and stained with anti-FLAG an-
tibody M2 (Sigma) and MitoTracker red CMXRos (Molecular Probes) or
rabbit polyclonal anti-USP7 antibody (Bethyl Laboratories). The signals
were visualized by rhodamine- or fluorescein isothiocyanate-conjugated
secondary antibodies (Jackson ImmunoResearch) and analyzed by con-
focal microscopy (Zeiss LSM510). For Nycodenz gradient fractionation,
immortalized MEFs were transfected with the FLAG-TRIM27 or FLAG-
RIP1 expression plasmid, harvested in ice-cold homogenizing buffer (10
mM Tris-HCl [pH 7.4], 250 mM sucrose, 5 mM EDTA, and protease
inhibitor mixture), and passed 50 times through a Potter-Teflon homog-
enizer on ice. A postnuclear supernatant was obtained (3,000 rpm, 10
min, 4°C) and subjected to Nycodenz gradient fractionation as described
previously (31).

Comparison of apoptosis-regulating factors by Western blotting.
MEFs were lysed by mild sonication in SDS sample buffer and boiled for 5
min. Protein concentration was determined by the Lowry method (Bio-
Rad Laboratories), and 25 to 50 �g protein was typically subjected to
SDS-PAGE. Anti-cleaved caspase-3 (Cell Signaling), anti-TNFR1 (R&D
Systems), anti-TRADD (Santa Cruz), anti-TRAF2 (Santa Cruz), anti-
RIP1 (BD Bioscience), anti-FADD (Santa Cruz), anti-CYLD (Santa
Cruz), anti-USP7 (Bethyl Laboratories), anti-TRIM27 (IBL Chemicals),
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and anti-�-tubulin (Sigma) antibodies were utilized to check the respec-
tive endogenous protein levels by Western blotting.

In vivo ubiquitination assay. For the ubiquitination assay of exoge-
nously expressed proteins, HEK293T or HepG2 cells were transfected
with a mixture of the plasmids indicated in the figure legends and empty
vector using the calcium phosphate precipitation method. The plasmids
used were pact-FLAG-RIP1, pact-FLAG-USP7, and pact-3xMyc-Ub to
express various forms of Ub, pact-TRIM27 to express various forms of
TRIM27, including FLAG-tagged or His-tagged TRIM27, a RING finger
mutant, in which Cys-16, Cys-19, Cys-31, and His-33 were replaced with
Ala, a B-box mutant, in which Cys-96, Cys-99, His-107, and Asp-110 were
replaced by Ala, and a 4KR mutant, in which Lys-79, Lys-304, Lys-380,
and Lys-382 were replaced with Arg. For immunoprecipitation of Flag-
tagged proteins, at 40 h posttransfection, the cells were lysed in 1% SDS-
containing radioimmunoprecipitation assay (RIPA) buffer by sonication.
Lysates were then precleared and diluted with buffer lacking SDS to re-
duce the SDS concentration to 0.1% and immunoprecipitated overnight
at 4°C with anti-FLAG M2 monoclonal antibody (Sigma). Immunocom-
plexes were captured with protein G-Sepharose beads (GE Health Care),
washed three times with NETN buffer (20 mM Tris-HCl [pH 8.0], 150
mM NaCl, 1% NP-40, 1 mM EDTA, 10% glycerol and protease inhibitor
cocktail) containing 1 M NaCl and 2% NP-40, eluted with SDS sample
buffer by boiling, and then separated by 7% SDS-PAGE and analyzed by
immunoblotting. In the case of His-tagged TRIM27, transfected cells were
scraped into urea buffer (8 M urea, 0.1 M sodium phosphate [pH 8.0], 0.3
M NaCl, 10 mM N-ethylmaleimide) and sonicated mildly on ice, and
His-TRIM27 was purified using a His-selecting cobalt affinity gel (Sigma).
Western blotting was performed as described above.

In the case of the endogenous ubiquitination assay, cells were stimu-
lated with mouse TNF-� (10 ng/ml) and cycloheximide (1 �g/ml) and
lysed with 1% SDS-containing RIPA buffer supplemented with 10 mM
N-ethylmaleimide and protease inhibitors by vortexing and boiling for 5
min. Lysates were sonicated mildly on ice, diluted, precleared with Sep-
harose beads for 1 h at 4°C on a rotating wheel, and immunoprecipitated
overnight at 4°C with anti-RIP-1 antibody (BD Biosciences) or anti-USP7
antibody (Bethyl Laboratories). Immunocomplex was captured, washed,
eluted, and resolved as described above. Following transfer of proteins to
nitrocellulose membranes, the membrane was autoclaved before incuba-
tion at denaturing buffer (6 M guanidine HCl, 20 mM Tris-HCl [pH 7.5],
5 mM beta-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
[PMSF]) for 30 min at 4°C. After extensive PBS washing, membrane was
blocked at 20% heat-inactivated bovine calf serum and immunoblotting
was performed with anti-Ub (Invitrogen) or anti-K63-linked Ub (Milli-
pore) antibody using immunoreaction enhancer solution (Toyobo).

Purification and characterization of the TRIM27 complex. The com-
plex was purified as described previously (32). The HeLa S3 cell clone
expressing FLAG–HA-TRIM27 was generated. Cells from a 4-liter culture
were disrupted in hypotonic buffer, and the nuclear pellet was collected by
centrifugation at 25,000 � g for 20 min. The pellet was extracted with
buffer C (20 mM HEPES [pH 7.9], 25% glycerol, 420 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM dithiothreitol [DTT]),
and lysates were collected by centrifugation. The TRIM27 complex was
purified using anti-FLAG M2 monoclonal antibody (MAb)-conjugated
agarose beads followed by anti-HA 12CA5 MAb-conjugated agarose
beads in wash buffer. The purified proteins were separated by 4-to-20%
gradient SDS-PAGE and silver stained. The protein bands were excised
and analyzed by mass spectrometry. Anti-TRIM27 (IBL-America) or anti-
USP7 (Bethyl Laboratories) antibody was used for immunoblotting.

Coimmunoprecipitation assays. For coimmunoprecipitation exper-
iments, 293T cells were directly used or transfected using the CaPO4

method with various plasmid mixtures, as described in the figure legends.
Cells were collected and lysed by mild sonication in NETN buffer Lysates
were then diluted, precleared, and subjected to immunoprecipitation by
incubation with indicated antibodies for overnight at 4°C. The immuno-
complexes were captured by protein G-Sepharose beads, washed three

times with lysis buffer containing 0.2% NP-40, and separated by SDS-
PAGE. Western blotting was performed using the antibodies described in
the figure legends and the enhanced chemiluminescence (ECL) Western
blotting system (Millipore). Aliquots of the lysates were also analyzed by
Western blotting. For analysis of TNF-�-induced complex II, MEFs were
treated with TNF-� (100 ng/ml) and cycloheximide (1 �g/ml) for the
times indicated in the figure legends, and FADD/caspase-8/RIP1 complex
was isolated and analyzed as reported by Ramakrishnan and Baltimore
(33).

Knockdown of USP7. The previously reported sequence of shRNA
against human USP7 (34) was cloned into the pSuper.puro vector and
transfected into 293T cells, which were selected with 1 �g/ml of puromy-
cin (Sigma). Cell lysates from the isolated clones were used for Western
blotting to examine the levels of USP7. For MEFs, the mouse Ufp7 gene
was knocked down using small interfering RNA (siRNA) specific for
mouse USP7 (target sequence, 5=-GACCCUGGAUUUGUGGUCACAU
UAU-3=; Invitrogen). For gene-specific knockdown, immortalized MEFs
were plated in 6-well plates and transfected with 10 �M control or USP7-
specific siRNA using Lipofectamine RNAiMAX (Invitrogen). Forty-eight
hours after transfection, cell lysates were prepared, and USP7 was detected
by Western blotting.

RESULTS
TNF-�-induced apoptosis is impaired in Trim27-deficient
mice. To understand the physiological role of TRIM27, we gener-
ated Trim27-deficient (Trim27�/�) mice using homologous re-
combination in ES cells (see Fig. S1 in the supplemental material).
Under pathogen-free conditions, Trim27�/� mice exhibited no
obvious abnormality. We examined the abundance of CD4�

and/or CD8� T cells, and also B220� B cells, and there was no
difference between wild-type (WT) and Trim27�/� mice (data not
shown). As TRIM27 is a ubiquitin E3 ligase, and ubiquitination
plays a role in the regulation of TNF-� signaling (17), we exam-
ined TNF-� signaling in Trim27�/� mice. We used a D-galac-
tosamine (GalN)-sensitized mouse model of liver injury in which
TNF-� induces hepatocyte apoptosis in the presence of GalN (35).
GalN suppresses TNF-� survival signaling by inhibiting transcrip-
tion in hepatocytes. WT mice treated with TNF-� and GalN died
within 10 h, whereas 60% of Trim27�/� mice treated under the
same conditions survived and lived even 24 h after injection (Fig.
1A). TNF-�–GalN-induced liver injury was observed preferen-
tially in WT mice (Fig. 1B). The administration of TNF-�–GalN
induced higher elevation of serum AST and ALT levels in WT than
in Trim27�/� mice (Fig. 1C). Histological analysis of liver sections
indicated that macrophages were infiltrated and hypostasis were
evident in livers of TNF-�–GalN-treated WT mice (Fig. 1D).
TUNEL staining of liver sections and immunostaining with anti-
cleaved caspase 3 showed that the rate of apoptosis was higher in
WT hepatocytes than in Trim27�/� cells (Fig. 1E and F). Further-
more, WT liver homogenates contained higher caspase-3 and
caspase-8 activities than Trim27�/� liver homogenates (Fig. 1G).
These results indicate that Trim27�/� hepatocytes are more resis-
tant to the TNF-�–GalN-induced apoptosis than WT cells.

TNF-�-induced apoptosis was further examined in primary
MEFs in the presence of cycloheximide (CHX), which inhibits
translation and thus inhibits TNF-� survival signaling. In WT
MEFs, treatment with TNF-� or CHX alone did not inhibit cell
viability, whereas the viability of MEFs treated with both TNF-�
and CHX was significantly reduced (Fig. 1H). In contrast, TNF-
�–CHX treatment only slightly reduced the cell viability of pri-
mary Trim27�/� MEFs. To verify that the lack of TRIM27 was
responsible for this effect, a Trim27�/� MEF cell line expressing
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FIG 1 TRIM27 positively regulates TNF-�-induced apoptosis. (A) Resistance of wild-type (WT) and Trim27�/� mice to TNF-� cytotoxicity. WT (n 	 6) and
Trim27�/� (n 	 10) mice were treated with TNF-� (20 �g/kg) and GalN (700 mg/kg), and their mortality was monitored over next 24 h. (B) The liver of a mouse
6 h after TNF-�–GalN injection. (C) Serum AST and ALT levels were determined 4 h after TNF-�–GalN injection. Data are averages and standard errors of the
means (SEM) (n 	 3 for WT mice and 4 for Trim27�/� mice). *, P 
 0.05. (D to F) Histological analysis (H&E staining) (D), TUNEL staining (E), and
anti-cleaved caspase-3 immunostaining (F) were performed on liver sections 6 h after TNF-�–GalN injection. Infiltrated macrophages (arrows) and hypostasis
are observed in the WT section. Scale bar, 10 �m. (G) Activities of caspase-3 and caspase-8 in liver homogenate of WT and Trim27�/� prepared at 6 h after
TNF-�–GalN injection. Data are averages and SEM (n 	 3). *, P 
 0.05. (H) (Top) Immortalized MEFs from WT and Trim27�/� mice analyzed by Western
blotting against TRIM27. The Trim27�/� immortalized MEF cell line expressing exogenous TRIM27 was established by infection with a TRIM27-expression
retrovirus vector and was also used. �-Tubulin was examined as the control. (Bottom) WT and Trim27�/� MEFs (1 � 104 cells) were plated on 96-well plates and
treated with TNF-� (10 ng/ml), or CHX alone (1 �g/ml), or in combination with TNF-� (10 ng/ml) and CHX (1 �g/ml). Six hours after treatment, cell viability
was measured. Average values (n 	 5) relative to the nontreated cells and standard deviations (SD) are shown. **, P 
 0.01. The Trim27�/� MEF cell line
expressing exogenous TRIM27 was used as the control. (I) Cleaved caspase-3 was determined by immunoblotting analysis of MEFs lysates prepared at 3 h after
TNF-�–CHX addition.
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exogenous TRIM27 was generated by infection with the TRIM27-
expression retrovirus vector (Fig. 1H, top). TNF-�–CHX reduced
the cell viability of the Trim27�/� MEF cell line expressing
TRIM27, similar to the effect on WT MEFs. When generation of
cleaved caspase-3 was examined by Western blotting, TNF-�–
CHX treatment induced higher level of cleaved caspase-3 in WT
and Trim27�/� MEFs ectopically expressing TRIM27 than in
Trim27�/� MEFs (Fig. 1I).

There was no difference in the expression level of TNF-� re-
ceptor between WT and Trim27�/� MEFs, as demonstrated by
FACS and Western blotting (Fig. 2A and B). In addition, other key
factors for TNF-�-induced apoptosis, TRADD, TRAF2, RIP1,
caspase-8, FADD, and CYLD, were expressed at similar levels in
WT and Trim27�/� MEFs (Fig. 2C).

To determine whether TRIM27 plays a role in TNF-� survival
signaling, such as through NF-�B target gene expression, which
results in the inhibition of apoptosis, the expression of typical
survival-related genes, including cFLIP, cIAP2, A20, and ICAM
was assessed in the presence or absence of TNF-�. The results
showed that the expression levels of these genes were similar be-
tween WT and Trim27�/� primary MEFs (Fig. 2C). The NF-�B
activity in WT and Trim27�/� MEFs was examined using EMSA.
At various times after TNF-�–CHX treatment, similar levels of
NF-�B activities were detected in WT and Trim27�/� MEFs (Fig.
2D). These results indicate that TRIM27 does not affect TNF-�
survival signaling. Trim27 mRNA level was also not significantly
affected by TNF-� treatment (see Fig. S2A in the supplemental
material).

To investigate the role of TRIM27 in the complex II-dependent
apoptosis pathway, complex II formation was compared between
WT and Trim27�/� MEFs. In WT cells, RIP1 and caspase-8 were
coimmunoprecipitated with FADD 90 min after TNF-�–CHX
treatment (Fig. 2E). However, the levels of RIP1 and caspase-8
coimmunoprecipitated with FADD were lower in Trim27�/� cells
than in WT cells. These results suggest that TRIM27 is involved in
the complex II-dependent apoptosis pathway but not in the com-
plex I-dependent survival signaling pathway.

To test whether TRIM27 has a general role in the apoptosis
induced by various stimuli, Fas-, TRAIL-, or etoposide-induced
apoptosis was compared between WT and Trim27�/� MEFs.
There was no difference in the Fas-, TRAIL-, or etoposide-induced
apoptosis between WT and Trim27�/� MEFs (see Fig. S3A to C in
the supplemental material), suggesting that TRIM27 does not
have a general role in the various types of apoptosis.

Localization of TRIM27 to mitochondria. Our previous stud-
ies suggested that TRIM27 is localized both in the nucleus and in
the cytosol (13). As the data above suggest that TRIM27 is in-
volved in TNF-�-induced apoptosis in hepatocytes and MEFs, we
examined the subcellular localization of TRIM27 in the human
hepatocyte-derived cell line HepG2 and in MEFs. Immunostain-
ing for TRIM27 in HepG2 cells showed a predominantly cytoplas-
mic pattern, in addition to weak nuclear signals (Fig. 3A). Cyto-
plasmic TRIM27 signals partly overlapped with those of
MitoTracker, a mitochondrion-selective fluorescent label, indi-
cating the partial localization of TRIM27 to mitochondria. A sim-
ilar pattern of overlapping of TRIM27 with MitoTracker was also
observed in MEFs (see Fig. S4A in the supplemental material).
Furthermore, TRIM27 subcellular localization was not affected by
TNF-� or TNF-�–CHX treatment. These results were consistent
with a prior study that showed that certain signaling molecules

involved in TNF-� signaling, such as RIP1, localize to mitochon-
dria (36). To confirm the mitochondrial localization of TRIM27,
the cytosolic lysate was separated by Nycodenz gradient centrifu-
gation, and the resulting fractions were analyzed by Western blot-
ting with antibodies against TRIM27, mitochondrion-specific
HSP70 (mtHSP70), and PER5. TRIM27 was detected in small
amounts in the mitochondrial fraction, as shown with the anti-
mtHSP70 antibody (Fig. 3B), and in large amounts in the perox-
isome. Although the role of TRIM27 in the peroxisome is un-
known, a recent report showed that the peroxisome is the
signaling platform for antiviral innate immunity (37).

To further examine the mitochondrial location of TRIM27, the
mitochondrial fraction was isolated from HepG2 cells transfected
with the FLAG-TRIM27 expression vector and analyzed by West-
ern blotting (see Fig. S5A in the supplemental material), which
showed that a significant amount of TRIM27 was present in mi-
tochondria (see Fig. S5B in the supplemental material). The iso-
lated mitochondrial fraction was then treated with digitonin to
disrupt the mitochondrial outer membrane or proteinase K,
which degrades proteins on the surface of the outer membrane.
The pellet fraction after digitonin treatment (mitoplast) con-
tained TRIM27, suggesting that TRIM27 is localized in the mito-
plast or tightly associated with the inner membrane. Furthermore,
proteinase K digestion of the mitochondrial fraction resulted in
the loss of the FLAG tag containing the N-terminal portion, sug-
gesting that the N-terminal portion of TRIM27 is located on the
outer mitochondrial membrane (see Fig. S5C in the supplemental
material).

TRIM27 induces RIP1 deubiquitination by forming a com-
plex with USP7. TRIM25, an RBCC motif-containing protein,
directly ubiquitinates RIG-I and promotes RIG-I-dependent in-
terferon production in response to dsRNA (6). We therefore hy-
pothesized that the effect of TRIM27 on TNF-�-induced apopto-
sis may be mediated by ubiquitination of a regulatory factor. Of
the several candidates examined, TRIM27 affected the ubiquitina-
tion status of only RIP1. However, contrary to its expected func-
tion as a Ub E3 ligase, TRIM27 deubiquitinated RIP1 (Fig. 4A). In
the coimmunoprecipitation assay, RIP1 was coprecipitated with
TRIM27 (Fig. 4B), suggesting the interaction between TRIM27
and RIP1. Isolation of the cytosolic fraction of HepG2 cells using
Nycodenz gradient centrifugation indicated that RIP1 also local-
ized to mitochondria (Fig. 3C), as reported previously (36). We
previously showed that TRIM27 shuttles between the cytoplasm
and the nucleus via its nuclear export signal (NES) (13). The
TRM27 NES mutant, which is mainly localized in the nucleus, did
not induce RIP1 deubiquitination (Fig. 4C), indicating that de-
ubiquitination of RIP1 is mediated by cytosolic TRIM27.

A polyubiquitin (poly-Ub) chain is generated through the for-
mation of a link between one of the seven Lys side chains of Ub
and the C-terminal Gly of another Ub. To determine the type of
poly-Ub chain on RIP1 that is removed by TRIM27, we used Ub
mutants in which all but one Lys residue are replaced by Arg.
Expression of Ub mutants with active K27, K29, or K48 linkages
resulted in the TRIM27-induced deubiquitination of RIP1,
whereas K11- and K63-linked poly-Ub was removed only slightly
by TRIM27 (Fig. 4D). In contrast, K6- and K33-linked poly-Ub
was not removed by TRIM27. These results suggest that TRIM27
removes K11-, K27-, K29-, K48-, or K63-linked poly-Ub from
RIP1. However, the poly-Ub chains bound to RIP1 may have a
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FIG 2 TRIM27 is not involved in TNF-�-induced survival signaling. (A) TNFR1 expression. TNFR1 expression in WT and Trim27�/� MEFs was examined by
flow cytometry. (B) Expression of TNF-� signaling components. Expression levels of the indicated proteins were compared between WT and Trim27�/� MEFs
by Western blotting. �-Tubulin was used as a control. (C) Analysis of the expression of survival-related genes. Primary MEFS from WT and Trim27�/� mice were
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complex structure with various Lys linkages; therefore, the speci-
ficity of TRIM27 for a particular chain remains unclear.

To understand the mechanism underlying the deubiquitina-
tion of RIP1 by TRIM27, TRIM27-interacting proteins were iden-
tified by purifying the complex formed. HeLa cells were infected
with a retrovirus encoding FLAG- and HA-tagged TRIM27 (FH-
TRIM27), and a cell line expressing FH-TRIM27 was isolated. The
FH-TRIM27-containing complex was purified using anti-FLAG
and anti-HA antibodies, and analyzed by SDS-PAGE. This com-
plex contained a 120-kDa band in addition to FH-TRIM27 (Fig.
5A), which was identified by mass spectrometry as USP7 (also
known as HAUSP [herpesvirus-associated ubiquitin-specific pro-
tease]), a ubiquitin-specific protease. USP7 colocalized with
TRIM27 in the cytoplasm and in the nucleus of HepG2 cells (Fig. 5B)

and MEFs (see Fig. S4B in the supplemental material), suggesting
that these proteins interact. Furthermore, USP7 coimmunopre-
cipitated with TRIM27 in HepG2 cells transfected with the
TRIM27 expression vector (Fig. 5C).

To examine whether USP7 is needed for the TRIM27-induced
deubiquitination of RIP1, we generated USP7-knockdown 293T
cell lines by introducing an siRNA expression vector. Among mul-
tiple cell lines isolated, one clone (clone 44) expressed USP7 at a
significantly low level (Fig. 5D). When RIP1 was coexpressed with
increasing amounts of TRIM27 in this cell line, RIP1 deubiqui-
tination was not observed (Fig. 5E), indicating that USP7 is re-
quired for the TRIM27-induced deubiquitination of RIP1. These
results suggest that the TRIM27-USP7 complex binds to RIP1,
resulting in its deubiquitination. To further examine this interac-
tion, we performed coimmunoprecipitation assays. Using 293T
cell lysates, endogenous RIP1 and USP7 were coimmunoprecipi-
tated with endogenous TRIM27 (Fig. 5F). However, in 293T cells
ectopically expressing the three proteins, TRIM27 was coimmu-
noprecipitated with USP7 but not with RIP1 (see Fig. S6A in the
supplemental material). When the USP7 mutant (C223A), in
which the catalytic domain of the protease was disrupted by point
mutation (38), was used, TRIM27 was coimmunoprecipitated
with both USP7 and RIP1 (see Fig. S6B in the supplemental ma-
terial). These results indicated that these three proteins interact,
but RIP1 is immediately released after its deubiquitination by
USP7. There was no difference in the USP7 mRNA level between
WT and Trim27�/� MEFs (see Fig. S2B in the supplemental ma-
terial), indicating that TRIM27 does not regulate TNF-�-induced
apoptosis by regulating the USP7 level.

Ubiquitination of USP7 by TRIM27 is required for the
TRIM27-induced deubiquitination of RIP1. To examine the role
of TRIM27 in the TRIM27/USP7 complex-induced deubiquitina-
tion of RIP1, we investigated whether TRIM27 ubiquitinates
USP7. Ubiquitination assays in 293T cells showed that the WT and
the RING finger TRIM27 mutant, in which four Zn-binding res-
idues of the RING finger were replaced by Ala, ubiquitinated
USP7, while the B-box mutant, in which four Zn-binding residues
of the B box were replaced by Ala, did not (Fig. 6A and B). Similar
results were obtained by using the USP7 catalytic domain mutant
(C223A) (see Fig. S6C in the supplemental material). As both the
RING finger and the B-box mutants interacted with USP7 (see Fig.
S6D in the supplemental material), these results suggest that the B
box of TRIM27 acts as the catalytic domain for the ubiquitination
of USP7, or that the B box of TRIM27 recruits another Ub E3
ligase. As Lys-869 of USP7 is ubiquitinated (39), we examined the
possible ubiquitination of USP7 at Lys-869. TRIM27 did not ubiq-
uitinate the USP7-K869R mutant in which Lys-869 was mutated
to Arg (USP7-K869R) (Fig. 6C). Expression of siRNA-resistant
WT USP7 mRNA in USP7 knockdown 293T cells recovered the
TRIM27-induced RIP1 deubiquitination (Fig. 6D, left, and Fig.
5E), whereas overexpression of siRNA-resistant USP7-K869R
mRNA did not (Fig. 6D, right). These results indicate that the

treated with TNF-� (20 ng/ml), and the expression levels of four NF-�B-dependent survival-related genes were analyzed by qRT-PCR. Values are means � SD
(n 	 3). (D) EMSA of NF-�B after treatment of MEFs with TNF-�. TNF-� (20 ng/ml) was added to the culture of WT and Trim27�/� MEFs, and nuclear extracts
were prepared at the indicated times. EMSA was performed using the NF-�B DNA probe. Where indicated, anti-p65 antibodies were added, so that supershift
of the NF-�B-DNA band was observed. To show the supershifted bands more clearly, a shorter exposure is shown on the right. (E) Analysis of complex II. Lysates
of WT and Trim27�/� MEFs were prepared at the indicated times after addition of TNF-� (100 ng/ml)–CHX (1 �g/ml) and immunoprecipitated with
anti-FADD, followed by Western blotting to detect RIP1, caspase-8, and FADD.

FIG 3 Localization of TRIM27 in mitochondria. (A) Subcellular localization
of TRIM27. HepG2 cells were transfected with a FLAG-TRIM27 expression
vector, incubated with Mitotracker, fixed with 1% paraformaldehyde, and
incubated with an anti-FLAG antibody. After treatment with the correspond-
ing secondary antibodies, fluorescence signals were visualized with a laser con-
focal microscope. The far right panel shows the merged signals for Mitotracker
(red) and TRIM27 (green). (B) Subcellular fractionation experiments. Cyto-
solic fractions of immortalized WT MEFs transfected with FLAG-TRIM27
expression plasmids were subjected to Nycodenz gradient fractionation. The
levels of FLAG-TRIM27, the mitochondrial marker mtHSP70, and the perox-
isome marker PER5 in each fraction were analyzed by immunoblotting. (C)
Localization of RIP1 in mitochondria. Cytosolic fractions of immortalized WT
MEFs transfected with FLAG-RIP1 expression plasmids were subjected to
Nycodenz gradient fractionation as described above. The levels of FLAG-RIP1
and mtHSP70 in each fraction were analyzed by immunoblotting.
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ubiquitination of USP7 by TRIM27 is required for the TRIM27-
induced deubiquitination of RIP1.

When TRIM27 was expressed with USP7, the TRIM27 level
was increased (Fig. 6B). To further confirm this, we examined the
effect of increasing amounts of USP7 on the TRIM27 level and its
ubiquitination. TRIM27 level was increased by USP7 in a dose-
dependent manner, and the degree of TRIM27 ubiquitination per
TRIM27 molecule decreased (see Fig. S7A in the supplemental
material). These results suggest that USP7 stabilizes TRIM27 by
removal of poly-Ub from TRIM27.

As TRIM27 is a ubiquitin E3 ligase, we examined whether
TRIM27 is autoubiquitinated via its RING finger domain. The
degree of ubiquitination of the TRIM27 RING finger mutant was
much lower than that of the WT (see Fig. S7B in the supplemental
material). Next we determined the ubiquitinated sites of TRIM27
by mass spectrophotometry. Mutation of four ubiquitination sites
(4KR) in TRIM27 dramatically decreased its ubiquitination (see
Fig. S7C in the supplemental material). Two TRIM27 mutants,
RING finger and 4KR mutants, were localized exclusively and
mainly in the nuclei, respectively (see Fig. S7D in the supplemen-

FIG 4 TRIM27 deubiquitinates RIP1. (A) Deubiquitination of RIP1 by TRIM27. HEK293T cells were transfected with the FLAG-RIP1 expression vector or
control empty vector, together with the Myc-Ub expression vector and increasing amounts of the TRIM27 expression vector. (Top) Cell lysates were immuno-
precipitated with an anti-FLAG antibody, and immunocomplexes were analyzed by Western blotting against anti-Myc. (Bottom) Cell lysates were probed against
an anti-FLAG antibody. (B) Coimmunoprecipitation of TRIM27 with RIP1. HEK293T cells were transfected with vectors expressing FLAG-RIP1 and T7-
TRIM27, and cell lysates were immunoprecipitated with anti-T7 antibody or control IgG, followed by Western blotting with anti-FLAG or anti-T7. (C) RIP1
deubiquitination is impaired with the TRIM27 NES mutant. Experiments were performed as described for panel A using 2 �g of WT and NES mutant of TRIM27,
which cannot be exported from the nucleus. (D) Analysis of the ubiquitin chains removed from RIP1. Experiments were performed as described for panel A,
except for the use of different vectors expressing the indicated ubiquitin mutants instead of WT ubiquitin.
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tal material). Thus, autoubiquitination of TRIM27 may be re-
quired for its localization in the cytoplasm. Furthermore, the
RING finger mutant of TRIM27 was colocalized with USP7 in
the nucleus, while the 4KR mutant was not. This may be due to the
decreased interaction between 4KR mutant and USP7 (see Fig.
S7E in the supplemental material).

To analyze the nature of the TRIM27-generated poly-Ub link-
age on USP7, various Ub mutants in which all but one Lys residue
were mutated to Arg were used for ubiquitination assays. TRIM27
catalyzed the Lys-linked polyubiquitination of USP7 in all cases
(Fig. 6E), suggesting that TRIM27 mediates the addition of
poly-Ub chains to USP7 without selectivity for a particular linkage
type.

Deubiquitination of RIP1 by the TRIM27-USP7 complex is
required for TNF-�-induced apoptosis. To further confirm that
USP7 plays a role in TNF-�-induced apoptosis, USP7 mRNA was

downregulated in immortalized MEF by using mouse siRNA.
Western blot analysis showed that cells treated with siRNA se-
quence 407 expressed significantly lower levels of USP7 than con-
trol cells (Fig. 7A). Downregulation of USP7 made the cells resis-
tant to TNF-�–CHX-induced apoptosis compared to control cells
(Fig. 7B). Furthermore, when WT MEFs were treated with the
USP7 inhibitor HBX (40), cells were also resistant to TNF-�–
CHX-induced apoptosis (see Fig. S8A in the supplemental mate-
rial). Downregulation of USP7 of HBX treatment also suppressed
the generation of cleaved caspase-3 (Fig. 7C; also, see Fig. S8B in
the supplemental material).

We next examined the ubiquitination of endogenous RIP1 in
response to TNF-�–CHX treatment using WT, Trim27�/�, and
USP7 knockdown MEF cell lines. The level of ubiquitinated RIP1
in Trim27�/� cells and USP7 knockdown cells was higher than in
WT and control cells (Fig. 7D and E). The difference in the degree

FIG 5 USP7 is required for the TRIM27-induced deubiquitination of RIP1. (A) Formation of a complex between TRIM27 and USP7. The TRIM27 complex was
purified from HeLa cells expressing FLAG- and HA-tagged TRIM27 (FH-TRIM27) or control HeLa cells (mock) using anti-FLAG and anti-HA antibodies and
analyzed by SDS-PAGE followed by silver staining. Mass spectrometry analysis identified the two bands indicated by arrows as USP7 and FH-TRIM27. (B)
Colocalization of TRIM27 and USP7. HepG2 cells were transfected with vectors expressing T7-tagged TRIM27 and FLAG-USP7 and immunostained with
anti-T7 and anti-FLAG antibodies. After treatment with the corresponding secondary antibodies, fluorescence signals were visualized under a laser confocal
microscope. Merged signals for T7-TRIM27 and FLAG-USP7 are shown on the far right panel. (C) Coimmunoprecipitation of TRIM27 and USP7. HEK 293T
cells were transfected with the FLAG-TRIM27 expression vector or control empty vector, and cell lysates were immunoprecipitated with anti-FLAG antibody or
control IgG. The immunocomplexes were subjected to Western blotting using anti-FLAG or anti-USP7 antibodies. (D) Generation of USP7 knockdown 293T
cells. The 293T cell transfectants expressing the small hairpin RNA against the USP7 gene were isolated, and cell lysates were analyzed by Western blotting against
anti-USP7. Equal amounts of total protein were loaded in each lane. (E) Knockdown of USP7 abrogates the TRIM27-induced deubiquitination of RIP1.
Experiments were performed as described for Fig. 3A, using USP7 knockdown cells (clone 44) and control 293T cells. (F) Coimmunoprecipitation of endogenous
TRIM27 with RIP1 and USP7. Whole-cell lysates from HEK 293T cells were immunoprecipitated with anti-TRIM27 or control IgG, and the immunocomplexes
were analyzed by SDS-PAGE, followed by Western blotting with anti-RIP1, anti-USP7, or anti-TRIM27.
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of RIP1 ubiquitination between WT and Trim27�/� MEFs and
between WT and USP7 knockdown MEFs was more evident at 30
and 120 min after TNF-�–CHX treatment than at 0 min after
treatment. This is consistent with the results that TRIM27 is in-

volved in the TNF-�-induced apoptosis but not in the TNF-�-
induced NF-�B activation, which occurs early after TNF-� stim-
ulation. We also examined the K63-linked ubiquitination of RIP1.
The level of K63-linked ubiquitination of RIP1 in Trim27�/� cells

FIG 6 TRIM27 induces RIP1 deubiquitination by ubiquitinating and activating USP7. (A) Domain structure of TRIM27. (B) TRIM27 ubiquitinates USP7 via
its B-box domain. HEK293T cells were cotransfected with FLAG-USP7 and Myc-ubiquitin expression vectors and a plasmid for the expression of the indicated
form of TRIM27. (Top) Cell lysates were immunoprecipitated with anti-FLAG followed by immunoblotting against anti-Myc. (Bottom) Lysates were analyzed
by Western blotting with anti-FLAG or anti-TRIM27 antibodies. (C) USP7 Lys-869 is ubiquitinated by TRIM27. HEK293T cells were transfected with an
expression vector for FLAG-linked WT or the USP7 K869R mutant, in which Lys-869 is mutated to Arg, together with Myc-ubiquitin and TRIM27 expression
vectors. (Top) Cell lysates were immunoprecipitated with anti-FLAG antibody, followed by immunoblotting against anti-Myc. (Bottom) Lysates were analyzed
by Western blotting with anti-FLAG antibody. (D) TRIM27 ubiquitination of USP7 at Lys-869 is required for TRIM27-induced RIP1 deubiquitination. The
USP7 knockdown HEK293T cells and the control 293T cells were transfected with the FLAG-RIP1 expression vector, together with vectors expressing Myc-
ubiquitin and WT USP7 or the K869R USP7 mutant, which was resistant to USP7 shRNA, and increasing amounts of the TRIM27 expression vector. (Top) Cell
lysates were immunoprecipitated with anti-FLAG antibody, and the immunocomplexes were subjected to Western blotting with anti-Myc antibody. (Bottom)
Lysates were analyzed by Western blotting with anti-TRIM27, anti-FLAG, or anti-USP7 antibodies. (E) Analysis of polyubiquitin chains attached to USP7.
Ubiquitination of the USP7 catalytic mutant C223A, which lacks ubiquitin protease activity, was examined as described for panel C, except for the use of the
USP7-C223A mutant instead of WT USP7 and the indicated mutant ubiquitin instead of WT ubiquitin.
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FIG 7 TRIM27-USP7 regulation of RIP1 ubiquitination in the presence of TNF-� and CHX. (A) Knockdown of USP7 using siRNA in immortalized MEF. Three
different sequences of mouse USP7 siRNA were transfected, and cell lysates were analyzed by Western blotting with anti-USP7 (top) or anti-tubulin (bottom)
antibodies. (B) USP7 is involved in TNF-�–CHX-induced apoptosis. Cell viability was examined as described for Fig. 1H using control immortalized MEFs and
USP7 knockdown cells. Experiments were repeated three times, and average values relative to the nontreated cells with SD are shown. **, P 
 0.01. (C) Cleaved
caspase-3 was determined by immunoblot analysis of MEFs lysates prepared at 2.5 h after TNF-�–CHX addition. (D and E) Ubiquitination of endogenous RIP1
after TNF-�–CHX treatment. Immortalized WT, Trim27�/� (D) or USP7 knockdown (E) MEFs were treated with TNF-� (10 ng/ml) and CHX (1 �g/ml) for the
indicated times. Endogenous RIP1 was immunoprecipitated and analyzed by immunoblotting with anti-Ub (top) or anti-K63-linked Ub (bottom) antibody.
Lysates were also analyzed by Western blotting with anti-RIP1 or anti-USP7 antibodies.
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and USP7 knockdown cells was higher than in WT and control
cells (Fig. 7D and E). However, the difference in the degree of
K63-linked RIP1 ubiquitination between WT and Trim27�/�

MEFs and between WT and USP7 knockdown MEFs was much
less than the difference in the total ubiquitination of RIP1. As
there was no significant difference in the NF-�B activity between
WT and Trim27�/� MEFs (Fig. 2D), the K63-linked ubiquitinated
RIP1 detected in Trim27�/� MEFs may contain the complex
structure of poly-Ub together with K63-linked Ub, so that it may
not function to activate the survival signaling. These results fur-
ther support that the TRIM27/USP7 complex plays a role in TNF-
�-induced apoptosis by mediating RIP1 deubiquitination.

We have also examined the degree of ubiquitination of endog-
enous USP7. There was no significant difference in the level of
ubiquitinated USP7 between WT and Trim27�/� cells (see Fig. S9
in the supplemental material), suggesting that TRIM27 is a not a
major ubiquitin E3 ligase for USP7, which affects the total level of
ubiquitinated USP7 (see Discussion).

DISCUSSION

The results of the present study indicate that Trim27-deficient
mice are resistant to TNF-�–GalN-induced apoptosis and that
TRIM27 forms a complex with and polyubiquitinates USP7,
which deubiquitinates RIP1 (Fig. 8). There may be multiple forms
of ubiquitinated RIP1 which contain a complex structure of Ub in
addition to K63-linked Ub. The deubiquitination of various forms
of ubiquitinated RIP1 may trigger the formation of complex II,
leading to the induction of apoptosis. In the signaling events
downstream of complex I, K63-linked polyubiquitination of RIP1
is essential for the activation of NF-�B and thus the induction of
cell survival-related genes, because this polyubiquitin chain binds
to TAB2 and NEMO, activating TAK1 and IKK complexes (Fig. 8)
(17, 20–22). The TRIM27/USP7 complex removed K27-, K29-,

and K48-linked poly-Ub chains from RIP1 but had little effect on
K11- and K63-linked poly-Ub. Consistent with this, TRIM27
knockdown did not affect the expression of survival-related genes.
The addition of K11-linked poly-Ub to RIP1, which binds to
NEMO, has been reported (41), but its role in the induction of
survival genes is unknown. Although K48-linked ubiquitination is
known to target proteins for proteasomal degradation, knock-
down of TRIM27 did not increase RIP1 protein levels. These re-
sults suggest that RIP1 is modified by complex poly-Ub chains
containing K11-, K27-, K29-, K48-, and K63-linked Ub. The Ub
structure specificity of TRIM27 differs from that of CYLD and
A20, which remove K63-linked poly-Ub chains from RIP1 and
suppress the expression of survival-related genes (23–27). In the
absence of TNF-� treatment, the degree of ubiquitination of RIP1
in Trim27�/� cells was higher than that in WT cells, and this
difference became more pronounced 30 and 120 min after TNF-
�–CHX treatment (Fig. 7E). These results suggest that TRIM27-
dependent deubiquitination of RIP1 occurs constitutively in the
absence of TNF-�, and its role in the generation of nonubiqui-
tinated RIP1 becomes more evident in cells exposed to TNF-�, in
which the expression of survival genes, including the RIP1-de-
ubiquitinating enzymes A20 and CYLD, is suppressed. TRIM27
ubiquitination of USP7 at Lys-869 is required for USP7-induced
deubiquitination of RIP1. The B-box mutant of TRIM27 was able
to bind to USP7 but failed to ubiquitinate USP7, whereas the
RING finger mutant of TRIM27 ubiquitinated USP7. TRIM fam-
ily proteins have two types of B boxes, 1 and 2, and TRIM27 has
only B-box 2. The two types of B box have a similar structure to
that of the RING finger (3). Our results suggest that the B box
functions as a Ub E3 ligase or that the B box recruits another Ub E3
ligase. The ability of TRIM27 to add K6-, K11-, K27-, K29-, K33-,
K48-, and K63-linked poly-Ub to USP7 suggests that the structure
of the poly-Ub chains attached to USP7 is complex. USP7 regu-

FIG 8 Model describing the role of TRIM27-USP7 in TNF-�-induced apoptosis. Upon binding to TNF-�, TNFR1 binds to TRADD and triggers the formation
of complex I and II. Complex I, containing TRADD, TRAF2, TRAF5, RIP1, cIAP1, and cIAP2, activates NF-�B. The ubiquitin ligases cIAP1 and cIAP2 catalyze
the K63-linked polyubiquitination of RIP1, which binds to TAB2 and NEMO. This induces activation of TAK1 and IKK complexes, followed by NF-�B activation
to induce the transcription of survival genes. Activation of NF-�B triggers the dissociation of RIP1 from complex I and the formation of complex II containing
FADD and procaspase-8, which induces apoptosis. Multiple forms of ubiquitinated RIP1, which contains not only K63-linked Ub but also other various forms
of Ub, may exist. TRIM27 forms a complex with and ubiquitinates USP7, which deubiquitinates RIP1, upregulating complex II-dependent apoptosis.
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lates the level of p53 and Mdm2 by inhibiting their degradation via
removal of the K48-linked poly-Ub from these proteins (42).
Nonubiquitinated USP7 actively removes poly-Ub from p53 and
Mdm2, indicating that the polyubiquitination of USP7 is not re-
quired for its protease activity. Furthermore, nonubiquitinated
USP7 forms a complex with TRIM27, indicating that the poly-
ubiquitination of USP7 is not required for TRIM27/USP7 com-
plex formation. Therefore, the Ub chain on USP7 may function to
recruit RIP1 to the TRIM27/USP7 complex. The catalytic site mu-
tant of USP7, but not WT USP7, forms a complex with RIP1,
suggesting that RIP1 is released immediately after deubiquitina-
tion by USP7. Therefore, the attachment of poly-Ub to USP7 may
stabilize the transient RIP1/USP7/TRIM27 complex.

There was no significant difference in the level of ubiquitinated
USP7 between WT and Trim27�/� cells. TRIM27 ubiquitinates
USP7 at Lys-869, which stimulates the USP7 activity. It is likely
that USP7 is ubiquitinated at other sites by other ubiquitin E3
ligases, for instance, for proteasome-dependent degradation. The
presence of similar levels of ubiquitinated USP7 in WT and
Trim27�/� cells suggests that TRIM27 is a not a major ubiquitin
E3 ligase for USP7, which affect the total level of ubiquitinated
USP7.

TRIM27 and RIP1 were partly localized to mitochondria and
peroxisomes. USP7 was also shown to localize to mitochondria
(43). However, as the TRIM27/USP7 complex may have multiple
functions, these data do not necessarily indicate that RIP1 deubiq-
uitination occurs in mitochondria. Recently, the peroxisome was
shown to function as the signaling platform for antiviral innate
immunity (37); therefore, the TRIM27/USP7 complex could play
a role in innate immunity. In fact, TRIM27 was suggested to in-
hibit the release of human immunodeficiency virus type 1
(HIV-1) and murine leukemia virus (MLV) and to inhibit MLV
gene expression (44). TRIM27 and USP7 were also partly colocal-
ized in the nucleus, suggesting their possible involvement in tran-
scriptional regulation.

It was shown that USP7 binds to TRAF2 and TRAF6 and sup-
presses TNF-�-induced NF-�B activation (45). However,
TRIM27 did not affect the TNF-�-dependent NF-�B target gene
expression (Fig. 2C and D), and TRIM27 did not affect the TRF6
ubiquitination (data not shown). Furthermore, it is unlikely that
all the USP7 proteins form the complex with TRIM27. Therefore,
TRIM27 may not interact with TRAF2/6 together with USP7.
Overexpression of TRIM27 suppresses interleukin 1-, virus infec-
tion- and TNF-�-induced cytokine production, and TRIM27 has
been shown to bind to IKK�/IKK� and suppress their activities
(14). However, in the present study, TRIM27 knockdown did not
affect the expression of survival-related genes. Overexpression of
certain TRIM proteins may result in a specific phenotype that is
not induced by loss of function. In particular, because the TRIM
family of proteins can form heteromultimers via the coiled-coil
region, the overexpression of certain TRIM proteins may affect
the function of other members of the family. TRIM21 ubiqui-
tinates TRIM5 and targets it for degradation (46), suggesting that
the overexpression of TRIM27 could affect the level of another
TRIM protein(s). TRIM27 has also been shown to activate Jun
N-terminal kinase (JNK) and induce apoptosis (47), suggesting
another possible function that needs to be investigated through
loss-of-function assays.

A recent study that used Trim27-deficient mice, which were
generated independently from ours, showed that TRIM27 cata-

lyzes the K48-linked ubiquitination of the class II phosphatidyl-
inositol 3 kinase C2� (PI3KC2�), promoting inhibition of its en-
zymatic activity, and negatively regulates CD4 T cells by inhibiting
TCR-stimulated Ca2� influx and cytokine production (48).
TRIM27 also negatively regulates IgE receptor activation and
downstream signaling by the same mechanism (49). Further anal-
yses using Trim27�/� mice may help to elucidate the uncharacter-
ized physiological roles of TRIM27.
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