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Cutting Edge: Pivotal Function of Ubc13 in Thymocyte
TCR Signaling1

Masahiro Yamamoto,* Shintaro Sato,† Tatsuya Saitoh,* Hiroaki Sakurai,‡ Satoshi Uematsu,*
Taro Kawai,† Ken J. Ishii,† Osamu Takeuchi,*† and Shizuo Akira2*†

The Ubc13 E2 ubiquitin-conjugating enzyme is essential
for BCR-, TLR-, and IL-1 receptor (IL-1R)-mediated im-
mune responses. Although Ubc13-deficient mice show de-
fects in BCR-, TLR/IL-1R-, or CD40-mediated activa-
tion of mitogen-activated protein kinases, the function of
Ubc13 in TCR-mediated signaling and responses remains
uncertain. To address this, we here generated T cell-spe-
cific conditional Ubc13-deficient mice. The frequency of
T lymphocytes was severely reduced in spleens from
Ubc13-deficient mice. Moreover, Ubc13-deficient thymo-
cytes displayed defective proliferation in response to anti-
CD3/CD28 or PMA/ionophore stimulation. Regarding
the signal transduction, although NF-�B activation was
modestly affected, PMA/ionophore-induced activation of
Jnk and p38 was profoundly impaired in Ubc13-deficient
thymocytes. In addition, PMA/ionophore-mediated ubiq-
uitination of NF-�B essential modulator (NEMO)/I�B
kinase � (IKK�) and phosphorylation of TGF-�-acti-
vated kinase 1 (TAK1) were nearly abolished in Ubc13-
deficient thymocytes. Thus, Ubc13 plays an important
role in thymocyte TCR-mediated signaling and immune
responses. The Journal of Immunology, 2006, 177:

7520–7524.

A
ctivation of NF-�B and mitogen-activated protein
(MAP)3 kinases such as Jnk, p38, and Erk is a hall-
mark of immune receptor-mediated signaling path-

ways (1, 2). Recent studies demonstrate that a MAP kinase ki-
nase kinase TGF-�-activated kinase (TAK1) is essential for
NF-�B and MAP kinase activation mediated by innate immune
or proinflammatory cytokine receptors such as TLRs, IL-1R,
and TNFR (3, 4). On the other hand, TAK1 plays a minor role
in BCR-mediated NF-�B activation in murine B cells (4).
Moreover, although thymocytes from TAK1-deficient mice
display severely defective NF-�B activation in response to anti-

CD3/CD28 stimulation (5–7), NF-�B activation is normal in
peripheral T cells (6), suggesting that TAK1-dependent and in-
dependent pathways for NF-�B activation in a cell type- or sig-
nal-specific way. Among MAP kinases, Jnk activation is most
profoundly affected by TAK1 deficiency in all cell types (5–7).

Regarding the mechanism of TAK1 activation, stimulus-de-
pendent polyubiquitination of TNFR-associated factor 6
(TRAF6) leads to phosphorylation of TAK1 that is shown to
directly phosphorylate I�B kinase (IKK) complex and MAP2Ks
(8, 9). The polyubiquitin chains on TRAF6 are reportedly gen-
erated by the E2 ubiquitin-conjugating enzyme Ubc13 (8, 10).
Silencing of Ubc13 expression by siRNA results in defective
NF-�B activation and NF-�B-dependent gene induction in
HEK293 and insect cells (11, 12). However, in vivo analysis
using mice lacking Ubc13 specifically in B cells, myeloid cells,
and embryonic fibroblasts demonstrates almost normal NF-�B
activation, despite severely reduced Jnk and p38 activation, in
BCR-, IL-1R-, TLR-, or CD40-mediated signal transduction
(13). Moreover, IL-1�-induced phosphorylation of TAK1 is
observed, albeit with considerably delayed kinetics, in Ubc13-
deficient cells (13), indicating that Ubc13 plays a minor role in
NF-�B and TAK1 activation in BCR-, IL-1R-, TLR-, or
CD40-mediated signaling pathways. In TCR-mediated re-
sponses, in vitro studies indicate that Ubc13 is involved in
TCR-mediated NF-�B activation through NF-�B essential
modulator (NEMO)/IKK� ubiquitination (14, 15). However,
whether Ubc13 plays minor or major roles in the TCR-medi-
ated activation of NF-�B and MAP kinases in vivo remains
elusive.

To assess the function of Ubc13 in T lymphocytes under
physiological conditions, we generated mice carrying a modi-
fied Ube2n allele (the gene encoding Ubc13) specifically in T
cells. As well as its effect on B cells, Ubc13 deficiency led to
profound reduction in the frequency of peripheral T cells. De-
spite the normal cellularity in the thymus, Ubc13-deficient thy-
mocytes showed defective proliferation in response to either
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PMA/ionophore or anti-CD3/CD28. PMA/ionophore-in-
duced activation of NF-�B as well as MAP kinases such as Jnk
and p38 was affected by the Ubc13 deficiency. Furthermore,
polyubiquitination of NEMO and phosphorylation of TAK1
in response to PMA/ionophore were severely impaired in
Ubc13-deficient thymocytes. Our studies demonstrate that
Ubc13 is essential for thymocyte TCR signaling and activation.

Materials and Methods
Reagents and mice

Agonistic anti-CD3� and anti-CD28 were purchased from BD Pharmingen.
Abs specific for phosphorylated forms of Erk (9101), Jnk (9251), p38 (9211),
and I�B� (9241) were purchased from Cell Signaling Technology. Abs specific
for Erk (sc-94), I�B� (sc-371), NEMO/IKK� (sc-8330), ubiquitin (sc-8017),
and actin (sc-8432) were obtained from Santa Cruz Biotechnology. Anti-
Ubc13 monoclonal (37–1100) was obtained from ZYMED. Anti-phospho-
TAK1 was as described previously (16). Lck_Cre and Ube2nfl/fl mice were as
described previously (13, 17). The allele nomenclature for Lck_Cre and floxed
Ubc13 �fl� are Tg(Lck-cre)1Jtak and Ube2n �tm1Aki�, respectively. The
mice in this study were on a mixed C57BL/6 and 129P2/OlaHsd background.
All animal experiments were conducted with the approval of the Animal Re-
search Committee of the Research Institute for Microbial Diseases in Osaka
University.

Western blot analysis and immunoprecipitation

After 1 h of starvation with DMEM containing 1% FBS to reduce background
signals, the assay was performed as described previously (18).

In vivo ubiquitination assay

The assay was performed as described previously (13).

EMSA

Thymocytes (5 � 106) were stimulated with the indicated stimulants for the
indicated periods. The assay was performed as described previously (18).

Flow cytometry

Single-cell suspensions of spleens, bone marrow, lymph nodes, and thymi were
stained with FITC-, PE-, or biotin-conjugated indicated Abs. Labeled Abs were
all obtained from BD Pharmingen.

Lymphocyte proliferation assay

Thymocytes (1 � 105) were cultured in 96-well plates for 72 h with the indi-
cated concentrations of ligands. One microcurie of [3H]thymidine was pulsed
for the last 12 h and then 3H uptake was measured in a beta scintillation counter
(Packard Instrument).

Results
Generation of T cell-specific Ubc13-deficient mice

To analyze the role of Ubc13 in T lymphocytes, we inhibited
Ubc13 expression specifically in the T cell lineage by crossing
Ube2nfl/fl mice with transgenic mice expressing Cre under the
control of proximal lck promoter. Southern blot analysis re-
vealed that in thymocytes from Lck-Cre Ube2nfl/fl mice, Cre-
mediated deletion resulted in a novel 1.1-kb band correspond-
ing to the mutant Ube2n allele (Fig. 1, A and B). Moreover,
Western blot analysis using extracts from thymocytes demon-
strated that efficient loss of Ubc13 was achieved in Lck_Cre
Ube2nfl/fl mice (Fig. 1C). Lck_Cre Ube2nfl/fl mice were born at
the expected Mendelian ratios and presented no obvious abnor-
malities until at least 16 weeks of age (data not shown).

T cell development in Ubc13-deficient mice

We first examined the effect of Ubc13 deletion in thymocytes
and peripheral T cells by flow cytometric analysis. The number
of thymocyte and splenocytes in Lck_Cre Ube2nfl/fl mice was
similar to that observed in control mice (control; 12.6 � 107

�

5.51 � 107 cells vs Lck_Cre Ube2nfl/fl; 16.3 � 107
� 4.93 �

107 cells, per thymus; n � 5, and control; 8.79 � 107
� 2.64 �

107 cells vs Lck_Cre Ube2nfl/fl; 10.9 � 107
� 1.92 � 107 cells,

per spleen; n � 5). Whereas thymocyte development was com-
parable between control and Lck_Cre Ube2nfl/fl mice (Fig. 2A),
CD3� T cell populations were dramatically reduced in the

FIGURE 1. Generation of Lck_Cre Ube2nfl/fl mice. A, The structure of the

wild-type (�), floxed (fl), or deleted (�) Ube2n gene. Black boxes denote the

coding exons. Restriction enzymes: N, NcoI, S, ScaI. B, Southern blot analysis

using genomic DNA extracted from thymocytes of indicated mice. Digested

with NcoI and ScaI, electrophoresed and hybridized with the radiolabeled probe

indicated in A. A 4.0-kb band, WT allele, 2.0 kb, floxed allele, 1.1-kb band,

deleted allele (�). C, Cell lysates were subjected to immunoblot with anti-

Ubc13 and anti-Erk1/2.

FIGURE 2. Defective peripheral T cell development in Lck_Cre Ube2nfl/fl

mice. Flow cytometric analysis of T cell development in the thymocytes (A),

splenocytes (B and C), and lymph node cells (D) from Lck_Cre Ube2nfl/� (con-

trol) and Lck_Cre Ube2nfl/fl (CKO) mice. Cells from 6- to 10-wk-old mice were

stained with the indicated Abs. Percentages of positive cells within each quad-

rant are shown. Results are representative of three different experiments.

7521The Journal of Immunology
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spleens of Lck_Cre Ube2nfl/fl mice (Fig. 2B). We next analyzed
the frequency of CD4 SP and CD8 SP T cells in spleens and
lymph nodes. In sharp contrast to control mice, the frequency
of both types of cells was severely decreased in spleens of
Lck_Cre Ube2nfl/fl mice (Fig. 2C). Moreover, we found pro-
foundly less CD4 SP and CD8 SP T cells in lymph nodes from
Lck_Cre Ube2nfl/fl mice than those in control mice (Fig. 2D).
These results demonstrate that Ubc13 plays important roles in
the maintenance or development of T cells in the periphery, but
not in the thymus.

Proliferation in Ubc13-deficient thymocytes

We next analyzed whether stimulation of TCR leads to cellular
activation in thymocytes. Both anti-CD3/CD28 and PMA/
ionophore are known to stimulate TCR-mediated signal trans-
duction, resulting in thymocyte proliferation (19). Control thy-
mocytes proliferated by either anti-CD3/CD28 or PMA/
ionophore stimulation in a dose-dependent fashion (Fig. 3, A
and B). In contrast, Lck_Cre Ube2nfl/fl thymocytes exhibited
defective growth in response to anti-CD3/CD28 or PMA/
ionophore stimulation. Taken together, Ubc13 plays an impor-
tant role in thymocyte proliferation in vivo.

NF-�B and MAP kinases activation in Ubc13-deficient thymocytes

Stimulation of TCR-mediated signaling pathway also activates
NF-�B and MAP kinases (19). Activation of PKC-� by PMA
and ionophore led to phosphorylation of PKC-� in both con-
trol and Lck_Cre Ube2nfl/fl thymocytes (Ref. 20 and Fig. 4A).
We next assessed the effect of Ubc13 deficiency on NF-�B ac-
tivation by EMSA. Although we found comparable NF-�B ac-
tivation at a later time point (4 h) between control and Lck_Cre
Ube2nfl/fl thymocytes, the early-phase NF-�B activation at 0.5,
1, and 2 h of PMA/ionophore stimulation was markedly de-
creased in Ubc13-deficient cells (Fig. 4B). Moreover, anti-
CD3/CD28-induced NF-�B activation was also defective in
Lck_Cre Ube2nfl/fl thymocytes at the early stage of the stimulation,
albeit that at the late stage was similarly observed (Fig. 4C).

Next we examined MAP kinase activation by Western blot
analysis. PMA/ionophore-stimulated activation of Jnk and p38
was severely and slightly impaired, respectively, in Lck_Cre
Ube2nfl/fl thymocytes at the early and later time points (Fig.
4D), whereas the Erk activation was normal at both time points.

These results indicate that conditional ablation of Ubc13 in
thymocytes as well as other cell types tested previously affects

activation of Jnk and p38 (13). In addition, contrary to the pre-
vious in vivo study, Ubc13 may critically take part, at least, in
the early-phase NF-�B activation in the TCR-mediated signal
transduction in thymocytes.

Modification of TAK1, NEMO, and I�B� in Ubc13-deficient

thymocytes

Since TAK1 is required for TCR-mediated activation of NF-�B
and MAP kinases in thymocytes (5–7), we tested whether
Ubc13 deficiency affects PMA/ionophore-induced phosphory-
lation of TAK1. In sharp contrast to control cells, the phosphor-
ylation of TAK1 in Lck_Cre Ube2nfl/fl thymocytes was severely
reduced at the early and later time points (Fig. 4E), suggesting
that Ubc13 is essential for the TCR-mediated TAK1 activation.

FIGURE 3. Impaired proliferation in Lck_Cre Ube2nfl/fl thymocytes. Thy-

mocytes from Lck_Cre Ube2nfl/� (control) and Lck_Cre Ube2nfl/fl (CKO) mice

were cultured with the indicated concentrations of anti-CD3�/10 �g/ml anti-

CD28 (A) or with the indicated concentrations of PMA/ionophore (B) for 72 h.

[3H]Thymidine (1 �Ci) was pulsed for the last 12 h. [3H]Thymidine incorpo-

ration was measured by a scintillation counter. Data are representative of three

(A, B) independent experiments.

FIGURE 4. NF-�B and MAP kinases activation in Lck_Cre Ube2nfl/fl thy-

mocytes. Immunoblot of phospho-PKC-� (A), TAK1 (E), or phospho-I�B�

(F) in thymocytes from Lck_Cre Ube2nfl/� (control) and Lck_Cre Ube2nfl/fl

(CKO) mice in response to 50 ng/ml PMA/100 ng/ml ionophore for the indi-

cated periods. Data are representative of two (A, E) or three (F) independent

experiments. Thymocytes were stimulated with 50 ng/ml PMA/100 ng/ml

ionophore (B) or 10 �g/ml anti-CD3/2 �g/ml anti-CD28 (C) for the indicated

periods, and the NF-�B DNA binding activity was determined by EMSA using

an NF-�B-specific probe. Data are representative of three independent exper-

iments. Immunoblot of phospho-Jnk, p38, Erk (C) and I�B� (H) in thymo-

cytes from Lck_Cre Ube2nfl/� (control) and Lck_Cre Ube2nfl/fl (CKO) mice in

response to 50 ng/ml PMA/100 ng/ml ionophore for the indicated shorter (up-
per) and longer (lower) periods. Data are representative of three (C, H) inde-

pendent experiments. F, Immunoblot of NEMO immunoprecipitates with anti-

ubiquitin (upper) and of whole cell lysates with anti-NEMO (lower) from

Lck_Cre Ube2nfl/� (control) and Lck_Cre Ube2nfl/fl (CKO) thymocytes stim-

ulated with 50 ng/ml PMA/100 ng/ml ionophore for the indicated periods.

Data are representative of two independent experiments.
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In the TCR signal transduction, Ubc13 is involved in PMA/
ionophore-stimulated ubiquitination of NEMO, which is re-
quired for NF-�B activation (14, 15). Therefore, we next ana-
lyzed the ubiquitination of NEMO in control and Ubc13-
deficient thymocytes. In control cells, the stimulus-dependent
ubiquitination of NEMO was observed in a time-dependent
way (Fig. 4F). On the other hand, the ubiquitination in
Lck_Cre Ube2nfl/fl thymocytes was almost completely dis-
rupted, suggesting that Ubc13 plays a pivotal role in the TCR-
mediated NEMO ubiquitination.

We next assessed PMA/ionophore-mediated phosphoryla-
tion and degradation of I�B�, those of which are known to be
prerequisite for NF-�B activation (1). Control cells displayed
I�B� phosphorylation in response to PMA/ionophore stimu-
lation (Fig. 4G). Lck_Cre Ube2nfl/fl thymocytes also showed el-
evated levels of I�B� phosphorylation, albeit slightly decreased.
Concerning I�B� degradation, PMA/ionophore stimulation
led to reduction of protein levels of I�B� in Lck_Cre Ube2nfl/fl

thymocytes, despite much less efficiently than control cells (Fig.
4H). Thus, these results demonstrate that Ubc13 is required for
TAK1 phosphorylation, NEMO ubiquitination and I�B� deg-
radation/phosphorylation in the thymocyte TCR-mediated
signaling pathways.

Discussion
In the present study, we found that Ubc13 plays an important
role in peripheral T cell development and TCR-mediated thy-
mocyte proliferation. With respect to the TCR-mediated signal
transduction, the Ubc13 deficiency affected activation and
modification of TAK1, MAP kinases, NEMO, I�B�, and
NF-�B to varying extents (Table I).

In particular, contrary to the previous finding that Ubc13
plays a minor role in the BCR-, TLR-, IL-1R-, or CD40-me-
diated NF-�B activation and IL-1�-mediated TAK1 phosphor-
ylation (13), the present study demonstrates that Ubc13 is es-
sential for the TCR-mediated NF-�B activation at the early
time points and TAK1 phosphorylation. Whether the discrep-
ancy between the previous and present study is due to different
Ubc13 deletion efficiency in each conditional model or the dis-
parity of the contribution of Ubc13 to NF-�B activation in cell
type- or signal-specific ways is currently unknown. Also, we
might fail to detect such defects in NF-�B activation that was
observed in thymocytes, since we examined at only one point
stimulation in other cell types (13).

In addition, Ubc13-deficient mice showed substantially dis-
tinct phenotype from T cell-specific TAK1-deficient mice (5–
7). For instance, development of both CD4 and CD8 single
positive (SP) thymocytes was severely impaired in TAK1-defi-
cient mice, whereas that in Ubc13-deficient mice was normal.
Considering that Ubc13-deficient cells still retained intact
TAK1 protein, the structure, but not the kinase activity, of

TAK1 might be required for regulating the thymocyte develop-
ment. Whether TAK1 acts as a scaffold protein for the thymo-
cyte development and function would be of interest in future
studies.

TCR-mediated ubiquitination of NEMO was severely im-
paired in Lck_Cre Ube2nfl/fl thymocytes. Given that T cell-spe-
cific NEMO-deficient mice also display severe reduction of the
peripheral T lymphocytes despite normal cellularity in the thy-
mus (21), Ubc13-dependent ubiquitination of NEMO might
play a role in the development or maintenance of T lympho-
cytes in the periphery. Moreover, activation of Jnk and p38 was
also impaired in Lck_Cre Ube2nfl/fl thymocytes as observed in
other conditional models. The mechanistic basis for the differ-
ential regulation of the MAP kinases and NF-�B activity by
Ubc13 should be examined in the future.

In summary, we have characterized here the role of Ubc13 in
T cell development and function. Moreover, our studies have
demonstrated that Ubc13 is critically required for the TCR-
mediated Jnk and p38 activation in thymocytes, whereas the
NF-�B activation occurred in modestly Ubc13-dependent
manners. Further studies using Ube2nfl/fl mice in other condi-
tional models may reveal the nature of Ubc13 in a variety of
signaling pathways.
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