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The transcription factor zinc-finger protein Miz1 represses TNF-o—
induced JNK activation and the repression is relieved upon TNF-a
stimulation. However, the underlying mechanism is incompletely
understood. Here we report that Miz1 interferes with the ubiqui-
tin conjugating enzyme (E2) Ubc13 for binding to the RING domain
of TNF-receptor associated factor 2 (TRAF2), thereby inhibiting the
ubiquitin ligase (E3) activity of TRAF2 and suppressing TNF-o—in-
duced JNK activation. Upon TNF-a stimulation, Miz1 rapidly under-
goes K48-linked polyubiquitination at Lys388 and Lys472 residues
and subsequent proteasomal degradation in a TRAF2-dependent
manner. Replacement of Lysine 388 and Lysine 472 by arginines
generates a nondegradable Miz1 mutant, which significantly sup-
presses TNF-a-induced JNK1 activation and inflammation. Thus,
our results reveal a molecular mechanism by which the repression
of TNF-a-induced JNK activation by Miz1 is de-repressed by its
own site-specific ubiquitination and degradation, which may ac-
count for the temporal control of TNF-a—-JNK signaling.

TNF receptor complex | protein kinase

he proinflammatory cytokine TNF-o regulates a wide range of

biological activities, including inflammation, immune responses,
apoptosis, and tumorigenesis (1, 2). TNF-a signaling is mainly
mediated by its cytoplasm membrane receptor 1 (TNF-R1) (3).
Upon TNF-a stimulation, TNF-R1-associated death domain pro-
tein, TNF-receptor associated factor 2 (TRAF2) and TRAFS, re-
ceptor interacting protein 1, and two inhibitors of apoptosis, clAP1/
cIAP2, are recruited to TNF-R1 to form TNF-R1 Complex 1, which
in turn activates multiple downstream effectors, such as JNK1 (also
known as stress-activated protein kinase), p38, and the inhibitor
of NF«B kinase (IKK) complex (4-8). The temporal and spatial
regulation of TNF-a signaling determines its biological functions.
For example, although prolonged activation of JNK1 is essential for
TNF-a—induced cell death when NF-kB activation is impaired (9-
17), transient activation of JNK1 is involved in TNF-a-induced
inflammation through c-Jun—induced expression of several proin-
flammatory genes (18) and contributes to inflammation-driven
certain types of cancer through cell death-induced “compensatory
proliferation” (19-21).

TRAF2 is a key regulator of TNF-a—induced JNK1 activation
(8, 22). Although TRAF2 protein is required for TNF-a to
activate JNKI1, p38, and IKK (4, 5, 7, 8), TRAF2 K63-linked
polyubiquitination is required for TNF-o—induced activation
of JNKI, but not p38 and IKK (23, 24). The K63-linked poly-
ubiquitination of TRAF2 is positively regulated by the E3
ubiquitin ligases, including TRAF?2 itself (25), and is negatively
regulated by deubiquitination enzymes, such as CYLD and A20
(26-28). Recently, it has been reported that the transcription
factor Mizl (Myc-interacting zinc-finger protein 1; also known as
Z13), which is involved in cell-cycle control and is also a tran-
scription repressor that mediates Myc gene-repression effect (29,
30), represses TRAF2 K63-linked polyubiquitination indepen-
dently of its transcription activity, resulting in suppression of
TNF-o—induced JNK1 activation and apoptosis (31). The re-
pression by Mizl1 is both TNF-a and JNK-specific, as it does not
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inhibit JNK1 activation by other extracellular stimuli examined,
such as UV or IL-1p, or TNF-a—induced activation of IKK, p38,
and ERK (31). Thus, Mizl functions as a signal- and pathway-
specific modulator or regulator (SMOR) for TNF-o-induced
JNK1 activation (31). Interestingly, upon TNF-a stimulation,
Mizl is degraded in a proteasome-dependent manner (31).
However, it is unknown how Mizl suppresses TNF-a—induced
TRAF2 K63-linked polyubiquitination and JNK1 activation, and
whether the proteasomal degradation of Mizl is required for
relieving the repression by Mizl. Here we report that Miz1 binds
to the RING domain of TRAF?2 to interfere with the interaction
between TRAF2 and the ubiquitin conjudating enzyme (E2)
Ubc13, thereby preventing the E3 ligase TRAF2 from regulating
its own Ko63-linked polyubiquitination and JNKI1 activation.
Upon TNF-a stimulation, Mizl is polyubiquitinated at Lys388
and Lys472 and subsequently degraded by the proteasome. The
Miz1(K388R/K472R) mutant resists proteasomal degradation
and significantly suppresses TNF-o—induced JNK1 activation.

Results

Miz1 Inhibits the Ubiquitin Ligase (E3) Activity of TRAF2. Mizl se-
lectively inhibits TNF-o—induced JNK activation through sup-
pression of TRAF2 Ko63-linked polyubiquitination with no
known mechanisms (31). We hypothesized that Miz1 may inhibit
TRAF?2 E3 ligase activity. We found that TNF-o—induced acti-
vation of JNK or p38 was significantly reduced in TRAF2-null
mouse embryonic fibroblasts (MEFs) (Fig. 14, compare lane 6
with lane 2), consistent with previous reports (23, 24). Reintro-
duction of HA-TRAF2, but not the E3 ligase-deficient HA-
TRAF2(C49A/C51A) mutant (32), restored TNF-o—induced
JNKI1 activation (Fig. 14, compare lane 7 with lane 8). In con-
trast, both HA-TRAF2 and HA-TRAF2(C49A/C51A) mutant
restored TNF-a—induced p38 activation (Fig. 14, compare lane 7
with lane 8). Thus, TRAF2 E3 ligase activity is essential for TNF-
a—-induced JNK1 activation.

Next, we tested whether Mizl regulates TRAF2 E3 ligase
activity. Although immunoprecipitated TRAF2 could no longer
catalyze its own K63-linked polyubiquitination for reasons un-
known (33), it was still able to act as an E3 to synthesize poly-
ubiquitin chains from purified recombinant ubiquitin proteins
in vitro (ex vivo ubiquitin assembly assay) (33). Using this assay,
we found that the E3 ligase activity of TRAF2 isolated from
Miz1-null MEFs was significantly augmented compared with that
isolated from WT fibroblasts (Fig. 1B, Upper). Because protein
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Fig. 1. Miz1 inhibits TRAF2 E3 ligase activity. (A and C) TRAF2-null MEFs
were transfected with expression vectors encoding HA-TRAF2, the E3 ligase-
deficient HA-TRAF2 (C49A/51A) mutant, or empty vector (2 pg each in A and
5 ug each in C), and treated with TNF-a (5 ng/mL) for 15 min (A) or various
periods of time (C). Phosphorylation of JNK and p38 and expression levels of
JNK, p38, and HA-TRAF2 were analyzed (A). Synthesis of polyubiquitin chains
from purified recombinant ubiquitin proteins by HA-TRAF2 or its mutant
was determined (B), as described in Methods, except the whole reaction
mixture was analyzed (C). (B) The loss of Miz1 augmented TRAF2 E3 ligase
activity in synthesizing polyubiquitin chains from purified recombinant
ubiquitin proteins (see Methods for details). Cells were stimulate by TNF-« (5
ng/mL) for 15 min. (D) The interaction between purified GST-Miz1 and [3°s]
TRAF2 or [*>SITRAF6 was analyzed by an in vitro binding assay. The amount
of GST was 2 pg and GST-Miz1 was 6 pg, because GST-Miz1 was partially
degraded when purified from bacteria. CBB, Coomassie brilliant blue. (E)
HEK293 cells were transfected with expression vectors encoding M2-TRAF2,
along with WT and various truncation mutants of Xpress-Miz1, as indicated.
The interaction between M2-TRAF2 and Xpress-Miz1 (WT and mutants) was
analyzed. (F) Miz1-null MEFs were transfected with expression vectors
encoding WT or various truncation mutants of Xpress-Miz1 that fail to in-
teract with TRAF2 as shown (E). TNF-oa—induced JNK activation was analyzed
by immunoblotting using antiphospho-JNK antibody.

A-sepharose bead-bound immunoprecipitated TRAF2 had been
removed from the reaction mixture by centrifugation before the
reaction products in the supernatant were analyzed (Fig. 14,
Lower), the polyubiquitinated products were polyubiquitin
chains of K630 ubiquitins, rather than ubiquitinated TRAF2 or
TRAF2-associated proteins. It is possible that the activity of
other K63-E3 ligases that might be coimmunoprecipitated with
TRAF2, rather than TRAF2 itself, were augmented by the loss
of Mizl; however, this is unlikely because the immune complex
isolated from TRAF2-null MEFs did not possess any detectable
E3 ligase activity in the ex vivo ubiquitin assembly assay (Fig.
1C). Under the same conditions, ectopically expressed HA-
TRAF2 but not HA-TRAF2(C49A/C51A) was able to synthesize
polyubiquitin chains (Fig. 1C). Thus, the E3 ligase activity of
TRAF2 immune complex (Fig. 1B, Upper) was not from
other E3s.

To determine whether the inhibition of TRAF2 E3 ligase
activity requires the interaction between Mizl and TRAF2, we
used an in vitro binding assay. We found that 5puriﬁed GST-Mizl
directly interacted with in vitro translated *°S-labeled TRAF2,
but not **S-labeled TRAF6 (Fig. 1D), suggesting that Mizl di-
rectly binds to TRAF2. Furthermore, truncation experiments
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revealed that the zinc fingers 7-8 (amino acids 466-514) [Mizl
(A466-514)], 9-10 (amino acids 522-570) [Mizl1(A522-570)],
and 11-12 (amino acids 578-635) [Miz1(A578-635)] were re-
quired for the binding of Mizl to TRAF?2 (Fig. 1E). Consistently,
TNF-o-induced JNK activation in Miz1-null MEFs was inhibited
by ectopically expressed WT Xpress-Mizl, but not the three
Mizl zinc-finger truncation mutants (Fig. 1F). Taken together,
Miz1 binds to TRAF?2 via its zinc fingers 7-12, thereby inhibiting
TRAF?2 to activate JNK upon TNF-o stimulation.

Miz1 Interferes with the Binding of Ubc13 to TRAF2. We were curious
about how the binding of Mizl to TRAF?2 inhibits its E3 ligase
activity. One possibility is that the binding of Mizl to TRAF2
may interfere with the interaction between TRAF2 and its E2,
such as Ubcl3 (23, 25, 34). Like WT TRAF2, TRAF2 AC mu-
tant, in which the TRAFC domain has been deleted, interacted
with either Mizl or Ubcl3 (Fig. 24). In contrast, TRAF2 AR
mutant, in which the RING domain has been deleted, was unable
to do so (Fig. 24). Consistently, both Mizl and Ubcl3 were
unable to bind to the TRAF2 (RM) mutant, which is no longer
able to interact with TRAF2 RING domain-interacting proteins
(Fig. 2B) (23). These data suggest that Mizl interferes with
Ubc13 binding to the RING domain of TRAF2. Consistently,
ectopic expression of Xpress-Mizl inhibited the association be-
tween HA-Ubcl13 and M2-TRAF2 in a dose-dependent manner,
accompanying with the increase in its own association with M2-
TRAF2 and decrease in M2-TRAF2 ubiquitination (Fig. 2C).
Similar results were obtained when the effect of endogenous
Mizl on the interaction between TRAF2 and Ubcl3 was ex-
amined. In resting WT fibroblasts, Miz1 already associated with
TRAF2 and the association was significantly reduced after cells
were stimulated with TNF-a for only 15 min (Fig. 2D). Under the
same conditions, TNF-a-induced association of Ubcl3 with
TRAF?2 was significantly increased (Fig. 2D). The association
between TRAF2 and Ubcl13 was further augmented in TNF-o—
stimulated Mizl-null MEFs (Fig. 2D). Interestingly, the in-
teraction between Ubcl3 and TRAF2 was not augmented in
resting Mizl-null MEFs (Fig. 2D). This finding suggests that the
removal of Mizl is necessary but not sufficient for the stable
interaction between Ubc13 and TRAF2. Silencing of Ubc13 with
specific siRNA significantly reduced TNF-o—induced JNK acti-
vation in WT fibroblasts (Fig. 2F) and also abrogated augmented
TNF-o-induced JNK activation in Mizl-null MEFs (Fig. S1),
consistent with the notion that Ubc13 is involved in TNF-o—in-
duced JNKI1 activation (23). In Ubc13 knockdown cells, further
knockdown of Mizl was no longer able to augment TNF-o—in-
duced JNK1 activation (Fig. 2E). Taken together, these data
show that Mizl inhibits TRAF2 E3 ligase activity through in-
terfering with the binding of Ubcl3 to the RING domain of
TRAF2, either directly or allosterically.

TNF-a Induces K48-Linked Polyubiquitination of TRAF2-Associated
Miz1 for Its Proteasomal Degradation. TNF-a typically induces
TRAF2 K63-linked polyubiquitination and JNK1 activation in its
target cells within minutes (13, 23, 24, 35). If Miz1 is a physiologi-
cally relevant repressor, the repression by Mizl on TRAF2 K63-
linked polyubiquitination and JNK1 activation has to be rapidly
relieved upon TNF-a stimulation. Indeed, we found that in resting
cells Mizl already associated with TRAF?2 (Fig. 34), migrating as
an 87-kDa species in SDS-gel (Fig. 34, lane 1). Five minutes after
TNF-a stimulation, the 87-kDa species of Mizl was significantly
reduced, accompanying with the appearance of a major high mo-
lecular-weight species of Mizl that migrated around 250 kDa in
SDS-gel (Fig. 34, lane 2). Ten minutes after TNF-a stimulation, the
250-kDa species of Mizl already disappeared, whereas the reduced
87-kDa specie of Mizl remained unchanged (Fig. 34, lane 3). The
disappearance of the 250-kDa species of Miz1 10 min after TNF-a
stimulation was not the result of the decrease in the amount of
TRAF2, as there were no detectable changes in the amount of
TRAF2 during this period (Fig. 34). Pretreatment with the pro-
teasome inhibitor MG-132 blocked the disappearance of 250-kDa
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Fig. 2. Miz1 interferes with the interaction between
TRAF2 and Ubc13. (A) WT fibroblasts were transfected with
expression vectors encoding HA-TRAF2, HA-ARING-TRAF2
mutant (AR), or HA-ATRAF-C-TRAF2 mutant (AC) (5 pg
each), along with Xpress-Miz1 or Xpress-Ubc13 (5 ug each).
The interaction between various HA-TRAF2 and Miz1 or
Ubc13 was analyzed. (B) HEK293 cells were transfected with
expression vectors encoding Xpress-Miz1 or Xpress-Ubc13,
along with WT M2-TRAF2 or M2-TRAF2 RING domain mu-
tant (23). The interaction between Xpress-Miz1 or Xpress-
Ubc13 with WT or the RING domain mutant of M2-TRAF2
was analyzed. (C) WT fibroblasts were transfected with
expression vectors encoding M2-TRAF2, along with HA-
Ubc13 (5 pg each), with or without various amounts of
Xpress-Miz1 (3, 4, and 6 pg), as indicated. The interaction
between M2-TRAF2 and HA-Ubc13 or Xpress-Miz1, as well
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species of Miz1 but had little effect on the reduction of the 8§7-kDa
species of Mizl (Fig. 34, lanes 5 and 6). In addition, TNFo—induced
polyubiquitination and degradation of Miz1 was blocked in TRAF2-
null MEFs (Fig. 3 B and C), suggesting that Mizl is degraded in
a TRAF2-dependent manner. Thus, TRAF2-associated Mizl was

as ubiquitination of M2-TRAF2, in control or TNFa-stimu-
lated cells was analyzed. (D) The association between TRAF2
and Miz1 or Ubc13 in control or TNFa-treated WT and Miz1-
null MEFs were analyzed. (E) The effect of Ubc13 knock-
down or double knockdown of Ubc13 and Miz1 on TNF-a—
induced JNK phosphorylation was analyzed.

glycine residues from ubiquitin chain (36, 37). The ubiquitination
sites were exclusively mapped from the adjacent y types of
fragment ions of the peptides (Fig. 4 B and C).
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pretreated with MG-132, treatment with TNF-o for 15 min induced
polyubiquitination of ectopically expressed Xpress-Mizl with
cotransfected HA-ubiquitin or HA-Ub(K480), in which all lysine
residues except lysine 48 in ubiquitin have been replaced by argi-
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finding indicates that the polyubiquitin chains on Mizl were pri- WT__ Traf2 - T2 s 4 Lame

marily linked through K48 of ubiquitin. Taken together, the data
show that TNF-a induces rapid Miz1 K48-linked polyubiquitination,
triggering its proteasomal degradation.

TNF-a Induces K48-Linked Polyubiquitination of Miz1 at Lysine388
and Lysined472. To identify TNF-a—induced K48-linked poly-
ubiquitination sites in Mizl, we used the approach of mass
spectrometry. Xpress-Mizl immunoprecipitated from trans-
fected HeLa cells was separated by SDS-gel electrophoresis and
visualized by Coomassie brilliant blue staining (Fig. 44), and its
polyubiquitination was confirmed by immunoblotting analysis
using anti-HA antibody (Fig. 44). The gel region corresponding
to ubiquitinated Xpress-Miz1 was excised, digested with trypsin,
and analyzed by MS. Protein sequence database searching of
the resulting MS/MS data using the MASCOT algorithm iden-
tified K388 and K472 as two ubiquitin-adduct sites (Fig. 4 B and
C), which were evidenced by an increase of 114 Da at the
ubiquitinated lysine residues caused by the addition of two
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Fig. 3. TNF-a induces Miz1 K48-linked polyubiquitination of TRAF2-associated
Miz1. (A) TRAF2 was immunoprecipitated from WT fibroblasts that have been
pretreated without or with MG-132 (50 M, 2 h) and then treated with TNF-o (5
ng/mL) for various periods of time, as indicated. TRAF2-coimmunoprecipitated
Miz1 was detected by immunoblotting using anti-Miz1 antibody. Miz1%*,
upshifted Miz1. (B and C) TNF-a-induced degradation of Miz1 was dependent
on TRAF2. (D and F) TNF-a—induced polyubiquitination of Xpress-Miz1 in the
presence of cotransfected HA-Ub (D), or HA-Ub, HA-K630-Ub, or HA-K480-Ub
(F) (5 pg each) was analyzed. (E) TNF-o—induced ubiquitination of Miz1 in the
presence of MG-132 (see Methods for details).
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Next we determined the role of K388 and K472 in TNF-o—
induced K48-linked polyubiquitination of Mizl. TNF-a signifi-
cantly inuduced polyubiquitination of Xpress-Mizl (Fig. 4D).
In contrast, TNF-a-induced polyubiquitination of Xpress-Mizl
(K388R/K472R), in which K388 and K472 had been replaced by
arginines, was negligible (Fig. 4D, Upper). Consistently, Xpress-
Mizl was partially degraded upon TNF-o stimulation but
Xpress-Miz1(K388R/K472R) was resistant (Fig. 4D, Lower).
Thus, K388 and K472 are primary TNF-a—induced K48-linked
polyubiquitination sites of Mizl.

To test whether Xpress-Mizl1(K388R/K472R) mutant is a
more potent suppressor for TNF-o—induced TRAF2 K63-linked
polyubiquitination and JNK1 activation, HeLa cells were stimu-
lated with TNF-a for 15 min, at which time TRAF2 was mainly
K63-linked polyubiquitinated (31). Although TNF-a-induced
polyubiquitination of M2-TRAF2 was suppressed by Xpress-
Mizl (Fig. 4E, compare lane 5 with lane 4), M2-TRAF2 poly-
ubiquitination was further suppressed by Xpress-Miz1(K388R/
K472R) (Fig. 4E, compare lane 6 with lane 5). Because both WT
and mutant Miz1l bound to TRAF2 with similar affinity (Fig. S2),
the stronger suppression by Xpress-Miz1(K388R/K472R) is likely
a result of its resistance to TNF-o—induced degradation (Fig. 4F,
lowest panel, compare lanes 6 and 5; also see Fig. 4F). Mizl
(K388R/K472R) mutant was also a more potent inhibitor of
TNF-a—induced JNKI1 activation. Immune complex kinase assays
showed that M2-JNK1 activity was augmented in Miz1 null MEFs
compared with that in WT fibroblasts (Fig. 4F, compare lane 4
with lane 2). Ectopic expression of Xpress-Mizl reduced the
augmented M2-JNK1 activity back to the level similar to TNF-o—
induced M2-JNK1 activity in WT fibroblasts (Fig. 4F, compare
lane 6 with lane 2), and Xpress-Miz1(K388R/K472R) mutant
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Xpress-Miz1 were determined.

further reduced M2-JNKI1 activity (Fig. 4F, compare lane 8 with
lane 6). This reduction was not the result of the difference in
expression of Xpress-Mizl and its K388R/K472R mutant before
TNF-o stimulation, as analyzed by immunoblotting using anti-
Xpress antibody (Fig. 4F, compare lane 5 with lane 7); rather, it is
because WT Xpress-Miz1l underwent degradation upon TNF-a
stimulation (Fig. 4F, compare lane 6 with lane 5), but Xpress-
Miz1(K388R/K472R) was not (Fig. 4F, compare lane 8 with lane
7). Thus, K48-linked polyubiquitination of Mizl at K388 and
K472 is required for its proteasomal degradation and subsequent
TRAF2 Ké63-linked polyubiquitination and JNKI1 activation in
response to TNF-a stimulation.

Loss of Miz1 Accelerates TNF-o-Induced Proinflammatory Gene
Expression. JNK plays a critical role in TNF-o—induced inflam-
mation (12, 13). Because Mizl negatively regulates TNF-o—induced
JNKI1 activation, we were curious about whether Mizl modu-
lates TNF-o—induced inflammation. To test this idea, primary
mouse bone marrow-derived macrophages were isolated and sub-
sequently infected with retroviral vectors encoding WT Xpress-
Mizl or APOZ-Mizl, which is deficient in transcription and re-
pression (38), siMizl, or empty vector, followed by treatment
without or with TNF-a. Analysis by the inflammation cytometric
bead array revealed that TNF-o—induced production of proin-
flammatory cytokines, including TNF-a, IL-1p, and monocyte
chemoattractant protein-1 (MCP-1), were significantly reduced in
the macrophages overexpressing Xpress-Mizl or Xpress-APOZ-
Mizl (Fig. 5 A and B). Conversely, silencing of Mizl by siRNA
potentiated TNF-o—induced production of the proinflammatory
cytokines (Fig. 5C). Taken together, these data suggest that Miz1
is a physiological regulator for TNF-a signaling.
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Fig. 5. The loss of Miz1 accelerates TNF-a—induced inflammation. (A-C)
Bone marrow-derived macrophages infected with retroviral vector encoding
Xpress-Miz1, Xpress-Miz1(APOZ), or empty vector as indicated (A and B), or
the control siRNA or siMiz1 (C) were treated without or with TNF-a (10 ng/
mL, 8 h). Production of TNF-a, IL-6, and MCP-1 were analyzed using in-
flammation cytometric bead array (mouse inflammation kit; BD Biosciences).
The results of A-C are presented as means SEs and represent three in-
dependent experiments.

Discussion

TNF-a is a pleiotropic proinflammatory cytokine that regulates
immune responses, inflammation, cell death, and tumorigenesis
through activation of multiple downstream signaling pathways,
including NF-xB, JNK, and caspases (2, 3). It is incompletely
understood whether the JNK pathway can be selectively regu-
lated without affecting the activation of other signaling pathways
by TNF-a or affecting JNK activation by other stimuli, such as
UV and IL-1f. Recently, it has been reported that Mizl can
function as signal- and pathway-SMORs to selectively regulate
TNF-o-induced JNK activation and cell death (14, 31). How-
ever, the underlying mechanism is unknown. In this report, we
demonstrate that Mizl inhibited TRAF2 E3 ligase activity by
interfering with the binding of Ubcl3 to TRAF2, thereby
inhibiting TRAF2 K63-linked polyubiquitination and subsequent
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JNKTI activation (Figs. 1 and 2). We found that TNF-a induced
K48-linked polyubiquitination of Mizl primarily at K388 and
K472 residues, and the ubiquitination was responsible for Mizl
proteasomal degradation (Figs. 3 and 4). The loss of Mizl ac-
celerated TNF-a—induced production of proinflammatory cyto-
kines by primary bone marrow-derived macrophages (Fig. 5).
These results prompted us to put forward a “de-repression”
model for TNF-o—-JNKI1 signaling (Fig. 6). According to this
model, in resting cells the binding of Mizl to the RING domain
of TRAF?2 interferes with the interaction between TRAF2 and
Ubc13, thereby repressing TRAF2 E3 ligase activity and TRAF2
K63-linked polyubiquitination. Upon TNF-a stimulation, the
recruitment of TRAF2 to TNF-R1 is not sufficient for JNK1
activation, because its E3 ligase activity is repressed by Mizl.
Mizl needs to undergo K48-linked polyubiquitination and sub-
sequently proteasomal degradation to provide the physical space
for Ubc13 to bind to TRAF2, so that TRAF2 can undergo K63-
linked polyubiquitination for selective activation of JNK and
inflammation (Fig. 6). This de-repression mechanism may be
critical for the specificity and temporal/strength control of the
signaling by TNF-a and perhaps other members of TNF family.

Our finding that Miz1 interfered with the binding of Ubcl13 to
the RING domain of TRAF2, thereby inhibiting the E3 ligase
activity of TRAF?2 (Fig. 1), contradicts a previous report showing
that, based on the structural analysis of the RING domain and
the first ring finger of TRAF2 and in vitro binding assays, the
TRAF2 RING domain was unable to bind to Ubc13 (39). There
are several possible explanations about this apparent controversy.
First, it is possible that other parts of TRAF2 may be required for
the binding of Ubcl3. Second, purified GST-TRAF?2 is quite
different from the one isolated from TNF-a—stimulated cells. For
example, GST-TRAF?2 failed to catalyze the free ubiquitin chain
synthesis (39). However, TNF-o—activated TRAF2 significantly
catalyzed the free ubiquitin-chain synthesis (Fig. 1 B and C),
consistent with a previous report (33). Third, the interaction
between TRAF2 and Ubcl3 appeared to be stimulation-de-
pendent (Fig. 2D), consistent with the previous report (34). Fi-
nally, the interaction between TRAF2 and Ubc13 may depend on
cofactors that lead to the structural changes of TRAF2, thereby
facilitating the interaction between TRAF2 and Ubc13 (25). It is
likely that Miz1 inhibits TRAF2 E3 ligase activity by interfering
with the binding of Ubc13 to the TRAF2 RING domain, either
directly or allosterically. Future studies are needed to explore
these possibilities.

Is Ubcl13 involved in TNF-a—induced activation of JNK1? Our
results show that silencing of Ubc13 impaired JNK1 activation by
TNF-o and also abolished the augmentation by Mizl (Fig. 2E
and Fig. S1), consistent with the previous report that Ubc13 was
involved in TRAF2 K63-linked polyubiquitination (23). How-
ever, genetic disruption of Ubcl3 alleles did not block TNF-a—
induced JNK activation in MEFs (40). It is possible that other

Fig. 6. Schematic illustration of the de-repression
model by which Miz1 regulates TNF-o-JNK signaling.
(A) Upon TNF-a stimulation, Miz1 is recruited to TNF-
R1 Complex 1 in a TRAF2-dependent manner and
blocks immediate K63-linked polyubiquitination of
TRAF2, so that TRAF2 and ubiquitinated receptor
interacting protein 1 (RIP1) activate IKK but not JNK.
(B) TNF-a induces Miz1 K48-linked polyubiquitination,
which is catalyzed by Mule, and proteasomal degra-
dation, so that Ubc13 can bind to TRAF2 and promote
TRAF2 K63-linked polyubiquitination. (C) Polyubiqui-
tinated TRAF2 activates JNK, which contributes to in-
flammation or cell death, when NF-xB activation is
impaired.

PNAS | January 3,2012 | vol.109 | no.1 | 195

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105176108/-/DCSupplemental/pnas.201105176SI.pdf?targetid=nameddest=SF1

Ubc13-like E2s may compensate for the loss of Ubc13 in Ubc13-
null MEFs, although WT fibroblasts transiently expressing
siRNA of Ubcl3 might have yet to mount the compensatory
response. Another possibility is that the involvement of Ubc13 in
TNF-a-induced JNK activation may be cell type- and stress-
dependent, as TNF-o—induced JNK activation was impaired in
Ubcl3*/~ splenocytes (41).

How is the repression by Mizl on TNF-o—induced JNKI acti-
vation released? Upon TNF-a stimulation, Mizl was rapidly up-
shifted and then degraded in a proteasome-dependent manner
(Fig. 34). Although we cannot formally exclude that other post-
translational modifications might be involved, the up-shift of Mizl
proteins is most likely a result of its K48-linked polyubiquitination.
TNF-a—induced up-shift of Mizl proteins was dramatically re-
duced with the Miz1(K388R/K472R) mutant, which was resistant
to TNF-o—induced polyubiquitination and degradation (Fig. 4D).
During the course of preparing the current article, it was reported
that the E3 ligase Mule catalyzes Mizl K48-linked polyubiqg-
uitination to trigger Miz1 degradation (42), further supporting our
finding that K48-linked polyubiquitination at K388 and K472 is
critical for relieving the repression by Mizl. Interestingly, Mule is
not a component of the TNF-R1 complex. Future work is needed
to determine how Mule is regulated by TNF-a.
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Methods

Immunoprecipitation. For immunoprecipitation of endogenous or trans-
fected proteins from WT and Miz1-null MEFs or HelLa cells, cells were pre-
treated without or with MG-132 (25 pM) for 2 h and then treated with
TNF-a (5 ng/mL) for various periods of time. Cells were harvested in the lysis
buffer (50 mM Hepes, pH 7.6, 250 mM Nacl, 0.1% Nonidet P-40, 1 mM DTT,
20 mM B-glycerol phosphate, 1 mM sodium vanadate, 10 mM p-nitro-
phenylphosphate, 1 mM PMSP, 1 ug/mL leupeptin, 1 pg/mL aproptinin, and
1 pug/mL pepstatin). After clarification by centrifugation, cell lysates were
incubated with specific antibodies and 30 pL (50% vol/vol) of Protein A-
Sepharose beads for 4 h at 4 °C. The immune complexes were analyzed by
immunoblotting. For analysis of ubiquitination of endogenous Miz1 or
transfected Xpress-Miz1 or M2-TRAF2 (cotransfected with HA-Ub), cells were
harvested in the lysis buffer as described above. After clarification, the cell
extracts were heated at 95 °C for 3 min in the presence of 1% SDS to disrupt
protein complexes. The extracts were diluted 10-fold with the lysis buffer to
reduce the SDS concentration to 0.1% before immunoprecipitation in
combination with immunoblotting analysis.
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