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The ubiquitin conjugation system plays an important role inimmune
regulation; however, the ubiquitin-specific proteases (USPs) that
carry out deubiquitination of cellular substrates are poorly under-
stood. Here we show that in vivo knockdown of the deubiquiti-
nating enzyme USP9X attenuates T-cell proliferation. In addition,
naive CD4" T cells from USP9X knockdown chimeric mice display
decreased cytokine production and T helper cell differentiation in
vitro, which we confirmed in vivo by performing adoptive transfer
of transgenic T cells and subsequent immunization. USP9X silencing
in both a human T-cell line and mouse primary T cells reduced T-cell
receptor (TCR) signaling-induced NF-kB activation. Mechanistically,
USP9X interacts with Bcl10 of the Carma1-Bcl10-Malt1 (CBM) com-
plex and removes the TCR-induced ubiquitin chain from Bcl10, which
facilitates the association of Carma1 with Bcl0-Malt1. These results
demonstrate that USP9X is a crucial positive regulator of the TCR
signaling pathway and is required for T-cell function through the
modulation of CBM complex formation.

signal transduction | posttranslational modification

rotein ubiquitination is a fundamental mechanism for regu-

lating various cellular processes, including signal transduction
and transcriptional regulation (1). This process involves the at-
tachment of ubiquitin to a target protein by a three-step enzy-
matic cascade, consisting of ubiquitin-activating (E1), ubiquitin-
conjugating (E2), and ubiquitin ligase (E3) enzymes (2). The
ubiquitin conjugation process is reversible, in which the attached
ubiquitin chain can be removed by deubiquitinating enzymes
(DUBES), consisting of members of a protease superfamily (3).
Approximately 95 putative DUBs have been identified by a hu-
man genome database search, which can be subdivided into five
subclasses based on their ubiquitin protease domains: ubiquitin-
specific protease (USP), ubiquitin C-terminal hydrolase (UCH),
otubain protease (OTU), Machado-Joseph disease protease
(MJD), and JAB1/MPN/Mov34 metalloenzyme (JAMM) (4).

Although E3 ubiquitin ligases have been well studied in the
immune system, the targets and physiological functions of most
DUBs remain unknown. Previous studies have shown that the
OTU domain-containing DUB A20 and the USP domain-containing
DUB cylindromatosis protein negatively regulate NF-xB activa-
tion through deubiquitination of signaling molecules, such as RIP
and TRAF?2, in response to innate immune stimulation (5-7). In
adaptive immunity, this is thought to involve ubiquitin-mediated
regulation of key components of the T-cell receptor (TCR) sig-
naling machinery, including the Carmal-Bcll0-Maltl (CBM)
complex (8) and Takl (9). How the deubiquitination system reg-
ulates the TCR-induced signaling pathway and T-cell function
remains largely unclear, however.

TCR-induced NF-kB activation is critical for T lymphocyte
activation (10). The CBM complex, a core signaling complex of the
NF-B activation process, regulates IkB kinase (IKK) complex
activation after TCR ligation. On activation by the TCR, the
scaffold protein Carmal associates with the Bcl10-Malt1 complex
in a signal-dependent manner after phosphorylation by protein
kinase CO and is subsequently recruited into the lipid raft by
phosphoinositide-dependent kinase 1 (11). This triggers TRAF®6,
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which is thought to bind to Maltl to promote K63-linked ubiq-
uitination of Bcl10, thereby leading to ubiquitin-dependent
activation of the IKK complex (12-14). Bcll0 is a caspase-
recruitment domain (CARD)-containing adaptor protein that
binds constitutively to Maltl through both the carboxyl-terminal
part of CARD motif and the adjoining 13 amino acids (107-119)
(15-18). Even though Bcl10 ubiquitination is a pivotal mechanism
in the regulation of NF-kB activation, our understanding of how
the interaction among CBM complex components controls Bcl10
ubiquitination and its consequences on downstream IKK acti-
vation or, in reverse, whether Bcll0 ubiquitination regulates
CBM complex formation remains limited. Furthermore, the in-
volvement of DUBs in the deubiquitination of CBM complex in
the TCR-induced NF-kB activation pathway is far from clear.
USP9X is a USP domain-containing DUB that was initially
identified as a human homolog of Drosophila fat facets (faf) gene
(19). Recent studies have reported that USP9X plays important
role in the regulation of cell survival and TGF-p signaling by
deubiquitinating myeloid leukemia cell differentiation protein
1 (Mcll), Itch, and Smad4 (20-22); however, the function of
USP9X in the immune system, particularly in T-cell regulation,
remains unknown. In this study, we identified USP9X as a critical
positive regulator of TCR signaling pathway and characterized
the function of USP9X by genetic, molecular, and immunologic
studies. Our study reveals an ubiquitin-dependent mechanism for
regulation of the CBM complex by USP9X, leading to NF-kB
activation in peripheral T cells, and thus suggests a possible
function of USP9X in T-cell-mediated inflammatory responses.

Results

Phenotypic Analysis of USP9X Knockdown Chimeric Mice. To begin to
understand the biological function of USP9X in the immune sys-
tem, we first examined the endogenous expression of USP9X by
Western blot analysis in various mouse tissue extracts. USP9X was
highly expressed in both the spleen and the thymus (Fig. 14). This
suggests that USP9X may play a role in the regulation of immune
responses, especially T-cell function. We then generated sShRNAs
directed against USP9X and performed retroviral transduction in
bone marrow from CD45.1* mice and transplantation into lethally
irradiated CD45.2* recipient mice, to investigate the functional
involvement of USP9X in T cells. Newly reconstituted CD4* T
cells (CD45.1"GFP*) were sorted from spleens of bone marrow
chimeric mice, and the reduced USP9X expression was verified by
immunoblotting in each USP9X shRNA-expressing CD4" T cells
(Fig. 1B).

We next examined the effect of USP9X knockdown on T-cell
function. shUSP9X-1- and shUSP9X-3-expressing CD4* T cells,
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Characterization of USP9X-deficient T cells from bone marrow chimeric mice. (A) Endogenous USP9X protein level was measured by immunoblotting
with anti-USP9X antibody in various mouse tissues. The membrane was reprobed with anti-actin to reveal equivalent protein loading. (B) (Upper) Analysis of

GFP expression in peripheral blood from bone marrow chimeric mice at 2 mo after reconstitution of USP9X shRNAs expressing bone marrow cells. (Lower)
Immunoblot analysis of USP9X was performed in a sorted GFP* CD4" T-cell population. The data are representative of between 3 and 10 independent
experiments. (C) CD4* T cells were sorted from USP9X shRNAs expressing chimeric mice and stimulated with anti-CD3 + anti-CD28 for 36 h. Cell proliferation
was measured by 3H-thymidine uptake. The data are compiled from between 3 and 10 independent experiments. Error bars indicate mean + SD. *P < 0.05;
**P < 0.01; ***P < 0.001, two-tailed unpaired t test. (D) Violet dye-labeled CD4* T cells were stimulated with anti-CD3 + anti-CD28 for 2 and 4 d, after which
cell division was analyzed by flow cytometry. The data are representative of three independent experiments. (E) Cell death of stimulated CD4* T cells was
examined by 7-AAD staining and analyzed by flow cytometry (Upper) and total cell counts (Lower). The data are representative of three independent
experiments. (F) IL-2 production by OVA-specific CD4 T cells. CD4" T cells from OT-Il control or OT-Il USP9X knockdown chimeric mice were adoptively
transferred into WT C57BL/6J mice, followed by immunization with OVA plus CFA as an adjuvant. Splenocytes and lymph node cells obtained 6 d later were
stimulated with OVAgz,3_339 peptide for 24 h and analyzed by intracellular staining and flow cytometry (Upper) and ELISA (Lower). The data are representative
of and compiled from two independent experiments (n = 2 per each experiment). Error bars indicate mean + SD. *P < 0.05, two-tailed unpaired t test.

which exhibited efficient reduction of USP9X, showed less
proliferation than control CD4* T cells, whereas shUSP9X-2—
expressing CD4™ T cells showed a moderate decrease in pro-
liferation in response to anti-CD3/CD28 stimulation, as mea-
sured by *H-thymidine incorporation (Fig. 1C). Thus, significant
reductions in TCR stimulation-induced IFN-y production were
seen in both shUSP9X-1- and shUSP9X-3-expressing CD4* T
cells, as analyzed by intracellular cytokine staining and ELISA
(Fig. S1 A and B). These results clearly show that T-cell pro-
liferation and cytokine production are regulated by USP9X
expression.

To further examine the role of USP9X in T-cell response, we
selected shUSP9X-1, which demonstrated the most efficient
knockdown of USP9X (termed “shUSP9X” hereinafter), and
analyzed individual cell division of violet dye-labeled CD4™" T cells
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by flow cytometry. Consistent with the results of proliferation
analysis, USP9X-deficient CD4* T cells divided much more slowly
compared with control CD4* T cells under the same stimulation
conditions (Fig. 1D). Thus, flow cytometry and total cell counts of
7-aminoactinomycin D (7-AAD) stained CD4" T cells revealed
that USP9X deficiency apparently had no effect on T-cell survival
(Fig. 1E).

Despite the defective proliferation seen in USP9X knockdown
CD4" T cells, decreased expression of USP9X had no effect on the
development of CD4 or CDS single-positive or CD4/CD8 double-
positive T cells in the thymus (Fig. S24). Similarly, the frequency
of CD4" and CD8* T cells, B-cell: T-cell ratios, and expression
of CD44 and CD62L cell surface markers in CD4" T cells in
peripheral lymphoid tissues were quite similar in control and
USP9X knockdown mice (Fig. S2 B-D).
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To examine the potential effect of USP9X on IL-2 production,
we generated ovalbumin (OVA)-specific, MHC class II restricted
TCR (OT-II) transgenic control or OT-II USP9X knockdown
chimeric mice and performed adoptive transfer and immunization
experiments. The reduction of IL-2 production was observed
upon stimulation with OV A3z,3 339 peptide in USP9X knockdown
OT-II T cells, as revealed by intracellular cytokine staining and
ELISA (Fig. 1F). This defect was further confirmed by in vitro
acute knockdown of USP9X in OT-II CD4 T cells (Fig. S34).
However, both control and USP9X deficient CD4* T cells showed
appropriate expression of CD69 and CD25 activation markers to
a similar degree (Fig. S3B).

USP9X Is Required for Th Cell Differentiation. To determine whether
USP9X knockdown affects the differentiation of naive T cells into
effector T helper (Th) cell subsets, we sorted control and USP9X-
deficient naive CD4" T cells from chimeric mice and cultured
them under nonpolarizing conditions for Th-neutral cells, or po-
larizing conditions for Th1, Th2, or Th17, with coincubation of
appropriate cytokines and cytokine antibodies for 5 d, followed by
restimulation with anti-CD3 and anti-CD28. Intracellular cytokine
staining for IFN-y, IL-4, and IL-17 showed that cytokine pro-
duction by these Th subsets were decreased substantially under
both nonpolarizing (neutral) and polarizing conditions (for Thl,
Th2, and Th17) in USP9X knockdown T cells (Fig. 24). This
defect in Th cell differentiation was further confirmed by mea-
suring cytokine secretion by ELISA; IFN-y, IL-4, and IL-17 con-
centrations were markedly reduced in the culture supernatants of
USP9X knockdown T cells (Fig. 2B). These results indicate that
CD4™" T-cell differentiation into Th cells requires USP9X in vitro.

Next, to investigate the biological relevance of USP9Xin T cells,
we examined the effect of USP9X knockdown using in vivo mouse
models. We isolated CD4* T cells from ovalbumin (OVA)-specific
OT-II transgenic chimeric mice of control or USP9X knockdown
group and adoptively transferred into WT C57BL/6J mice. These
mice were then immunized with OVA peptide plus complete
Freund’s adjuvant (CFA) as adjuvants 1 d after adoptive transfer,
and examined for OVA-specific T cells by intracellular cytokine
staining. OVA-induced IFN-y- or IL-17A—producing T cells were
greatly reduced in recipients of USP9X knockdown OT-II T cells
(Fig. 2C). Similar reduction was observed in IL-4 production when
recipient mice of USP9X knockdown OT-II T cells were immu-
nized with OVA plus alum as adjuvants (Fig. 2D).

To further investigate the in vivo function of USP9X in T cells,
we examined the cytokine profiles in T cells of the immunized mice
using a bioplex multicytokine assay. Marked reductions were
found in the levels of IFN-y, IL-4, IL-5, IL-6, IL-13, and IL-17
production in USP9X knockdown T cells from OVA + CFA (Fig.
2E) or alum (Fig. 2F) immunized mice. These results demonstrate
that USP9X is necessary for the differentiation of Thl, Th2, and
Th17 cells in vivo.

USP9X Regulates NF-kB Activation During TCR Signaling. To define
the molecular mechanism of USP9X in TCR signaling event, we
established a Jurkat E6.1 (JE6.1) cell line with stable expression of
control or USP9X shRNA using lentiviral transduction, and ana-
lyzed TCR-induced activation of both upstream and downstream
signaling molecules. The phosphorylation of Zap-70, LAT,
PLCy1, ERK1/2, and p38 were quite similar between control and
USP9X knockdown JE6.1 cells, with the exception of c-Jun N-
terminal kinase (JNK), which seemed to be slightly less phos-
phorylated in USP9X knockdown cells (Fig. 34). Notably, loss of
USP9X in JE6.1 cells was associated with marked impairment of
both phosphorylation and degradation of IxBa. Consistent with
this result, translocation of the NF-kB subunit p65 into the nucleus
was reduced in response to CD3/CD28 stimulation (Fig. 3B),
demonstrating that USP9X is required for NF-kB activation by
modulating upstream signaling molecules of the NF-kB pathway,
but not TCR proximal or other downstream signaling events, such
as Erk or p38 activation.
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Fig. 2. Defective Th cell differentiation of USP9X-deficient T cells. (A) Sorted
GFP*CD4*CD62L*CD25™ naive CD4* T cells from control (shCON) and USP9X
shRNA (shUSP9X)-expressing chimeric mice were stimulated with anti-CD3 +
anti-CD28 and cultured under different polarizing conditions for Th-neutral,
Th1, Th2, or Th17 for 5 d. Cells producing IFN-y, IL-4, and IL-17 were analyzed by
intracellular cytokine staining (ICCS) at 6 h after restimulation with anti-CD3 +
anti-CD28. The data are representative of five independent experiments. (B)
IFN-y, IL-4, and IL-17 production were measured by ELISA at 24 h after
restimulation. The data are compiled from five independent experiments. Error
bars indicate mean + SD. *P < 0.05;**P < 0.01, two-tailed unpaired t test. (Cand
D) CD4* T cells from OT-Il control or OT-Il USP9X knockdown chimeric mice
were adoptively transferred into WT C57BL/6J mice, followed by immunization
with OVA plus CFA (C) or alum (D) as adjuvants. Splenocytes and lymph node
cells obtained 6 d later were stimulated and analyzed as described in Fig. 1F.
The data are representative of three independent experiments. (E and F) Cy-
tokine expression profile in C57BL/6J mice immunized asin Cand D. CD4™ T cells
obtained at 6 d after immunization were stimulated with OVA3,3 339 peptide
for 48 h, and the culture supernatants were analyzed by a bioplex multi-
cytokine assay. The data are compiled from three independent experiments.
Error bars indicate mean + SD. *P < 0.05; **P < 0.01, two-tailed unpaired t test.

To further confirm the effect of USP9X knockdown on NF-xB
activation in mouse primary T cells, we purified naive CD4™ T cells
from control or USP9X knockdown chimeric mice and assessed
the nuclear translocation of p65 on stimulation. Consistent with
the results in JE6.1 cells, USP9X deficiency resulted in decreased
translocation of p65 on stimulation in mouse primary T cells (Fig.
3C). In addition, degradation of IxBa was inhibited in USP9X
knockdown mouse T cells after 30 min of stimulation, and the
subsequent reexpression of IkBa was also reduced after 90 min of
stimulation (Fig. 3C, Lower).

We next performed reconstitution of USP9X in USP9X knock-
down Jurkat cell line carrying SV40 large T antigen (JTAg)
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Fig. 3. Impaired TCR/CD28-induced NF-kB activation in USP9X-deficient T
cells. (A) Analysis of the phosphorylation status of TCR signaling proteins.
Control and USP9X shRNA-expressing JE6.1 cells were stimulated with anti-
CD3 + anti-CD28 (a-CD3/28) for the indicated times, after which the cell
lysates were subjected to immunoblotting with the indicated antibodies.
Anti-actin blot was used as a loading control. (B) Immunoblot analysis of
translocation of p65 to the nucleus in control and USP9X shRNA-expressing
JE6.1 cells treated as in A. After stimulation, cell lysates were separated into
nuclear and cytosolic fractions. (C) Immunoblot analysis of translocation of
p65 to the nucleus in mouse CD4" T cells. Sorted Naive CD4* T cells from
control and USP9X knockdown chimeric mice were stimulated with anti-CD3 +
anti-CD28 for the indicated times, and nuclear fractionation was per-
formed as in B. The protein content of IkBa was detected in the total cell
lysates (Lower). The data are representative of three independent experi-
ments. (D) Immunoblot analysis of phosphorylation of IkBa in USP9X shRNA-
expressing JTAg cells reconstituted with USP9X. USP9X shRNA-expressing
JTAg cells were transfected with empty vector or USP9X and CD28 and
stimulated with anti-CD3 + anti-CD28 for the indicated times, after which
the cell lysates were subjected to immunoblotting with the indicated anti-
bodies. The data are representative of two independent experiments.

cells to confirm the effect of USP9X on NF-«xB activation. Im-
paired phosphorylation of IxkBa in USP9X knockdown JTAg cells
was restored by the expression of full-length USP9X in re-
sponse to anti-CD3/CD28 stimulation (Fig. 3D). These results
suggest that UPS9X regulates the NF-kB signaling pathway in
T cells.

USP9X Binds to Bcl10 and Regulates CBM Complex Formation by
Modulating Bcl10 Ubiquitination. We investigated the specific
mechanism through which USP9X regulates NF-kB signaling. The
CBM complex is a critical mediator of TCR/CD28-triggered
NF-kB activation in T cells (10, 23). Given that CBM complex-
mediated NF-kB essential modulator (NEMO) ubiquitination is
a major regulatory mechanism of the NF-xB activation process, we
reasoned that USP9X deubiquitinase activity may act on either the
CBM complex or NEMO. To test this hypothesis, we performed
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coimmunoprecipitation experiments in JE6.1 cells. Endogenous
Bcl10 or NEMO was immunoprecipitated with anti-Bcl10 or
NEMO antibodies, and coprecipitation of USP9X was monitored
by immunoblotting with anti-USP9X antibody. USP9X was coim-
munoprecipitated with Bcll0 constitutively in a TCR stimulation-
independent manner (Fig. 44, Upper); however, no apparent as-
sociation was observed between USP9X and NEMO under either
resting or stimulated conditions (Fig. 44, Lower).

Owing to the technical obstacle of demonstrating endogenous
CBM complex in JE6.1 cells, to further examine whether USP9X
binds to Bcl10 in the CBM complex including Malt1 and Carmal,
we established a JE6.1 cell line with stable expression of FLAG-
Bcl10 using lentiviral transduction and immunoprecipitated Bcl10
with anti-FLAG beads. Consistent with previous studies (15, 16),
Bcl10 interacted with Maltl constitutively, but with Carmal
transiently after 15 min of stimulation with anti-CD3/CD28. Im-
portantly, USP9X coimmunoprecipitated not only with Bcl10, but
also with the CBM complex under stimulated conditions (Fig. 4B).

To further confirm that USP9X is biophysically a part of the
CBM complex, we performed a purification and elution experi-
ment using anti-FLAG beads, followed by silver staining and im-
munoblotting of the eluted protein mixture. USP9X was indeed
detected in the eluted samples under both resting and stimulated
conditions, whereas Carmal was detected only in the stimulated
sample (Fig. S44). Furthermore, USP9X was coimmunoprecipi-
tated with Myc-Malt (Fig. S4B). Taken together, these findings
indicate that USP9X participates in the CBM complex through the
interaction with Bcl10.

Next, to assess the role of USP9X on either the formation and/or
the functional regulation of the CBM complex, we established
JE6.1 cell lines stably expressing both FLAG-Bcl10 and control or
USP9X shRNA using lentiviral transduction, and performed
coimmunoprecipitation experiments in these cell lines. Knock-
down of USP9X did not affect coprecipitation of Maltl with
FLAG-Bcl10 (Fig. 4C); however, T-cell stimulation-induced
interaction of Carmal with Bcl10 was reduced after 30 min of
treatment in the USP9X knockdown T cells (Fig. 4C), suggesting
that USP9X is required for CBM complex formation. We then
examined whether the deubiquitinating enzymatic activity of
USP9X is directly involved in the removal of polyubiquitin chains
from Bcll10. JTAg cells were transiently transfected with CD28,
FLAG-Bcl10, HA ubiquitin, and USP9X or its C1559A mutant,
which contains an active site cysteine-to-alanine mutation at the
1559 position (24). Overexpression of the WT USP9X reduced
ubiquitination of Bcl10 on TCR stimulation (Fig. 4D). However,
the catalytically inactive USP9X C1559A mutant was not effective
in removing the ubiquitin chain formation in Bcl10. Rather, it
appeared to function as a dominant negative to enhance Bcll0
ubiquitination (Fig. 4D).

We then examined whether knockdown of USP9X expression
could cause an increase in stimulation-induced Bcl10 ubiquitina-
tion by the loss of its deubiquitination. To test this possibility, we
performed an in vivo ubiquitination assay in JTAg cell lines stably
expressing control or USP9X shRNA. Both JTAg cells lines were
transiently transfected with CD28, FLAG-Bcl10, and HA ubig-
uitin; left untreated or stimulated with anti-CD3/CD28; and then
lysed in 2% SDS buffer and boiled, followed by FLAG-Bcl10
immunoprecipitation with anti-FLAG beads. Polyubiquitin chains
conjugated to Bcl10 were detected by an anti-HA antibody. In
USP9X shRNA-expressing cells, stimulation-induced Bcll0
ubiquitination was markedly augmented compared with control
cells (Fig. 4E); however, USP9X knockdown did not affect the
ubiquitination status of Malt1 under the same conditions (Fig. S5).
Furthermore, although we observed an increase in lysine 48 (K48)-
linked ubiquitination of Bcll0 in USP9X knockdown cells by
transfection with HA-K48-only ubiquitin (Fig. 4F), Bcl10 stability
the after inhibition of new protein synthesis with cycloheximide
was similar in control and USP9X shRNA-expressing JE6.1 cells
(Fig. 4G), likely related to nonproteasomal degradation of Bcl10
on TCR stimulation, as reported previously (25, 26). Indeed,
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Fig. 4. USP9X is required for CBM complex formation. (A) Interaction be-
tween endogenous USP9X and Bcl10. JE6.1 cells were stimulated with anti-
CD3 + anti-CD28 for the indicated times, and endogenous Bcl10 or NEMO was
immunoprecipitated with antibodies against Bcl10 or NEMO, respectively.
The immunoprecipitates were separated by SDS/PAGE and immunoblotted
with the indicated antibodies. (B) Interaction between USP9X and the CBM
complex. JE6.1 cells expressing FLAG-Bcl10 were stimulated as in A, after
which the FLAG-Bcl10 was immunoprecipitated with anti-FLAG antibody. The
immunoprecipitates were then subjected to SDS/PAGE and immunoblotted
with the indicated antibodies. (C) JE6.1 cells stably expressing both FLAG-
Bcl10 and control or USP9X shRNA were stimulated with anti-CD3 + anti-
CD28 for the indicated times, after which FLAG-Bcl10 was immunoprecipi-
tated with anti-FLAG antibody. The immunoprecipitates were subjected to
SDS/PAGE and immunoblotted with the indicated antibodies. (D) TCR-induced
ubiquitination of Bcl10 in WT USP9X and catalytically inactive mutant
(C1559A)-overexpressing cells. JTAg cells were transiently transfected with
expression constructs for CD28, FLAG-Bcl10, HA ubiquitin, and USP9X WT or
USP9X C1559A mutant. At 48 h after transfection, cells were left untreated or
were stimulated with anti-CD3 + anti-CD28 for 20 min. Cell lysates were
generated by adding SDS lysis buffer (2% SDS) and immunoprecipitated with
anti-FLAG antibody. The immunoprecipitates were subjected to SDS/PAGE
and analyzed by immunoblotting with the indicated antibodies. (E) TCR-
induced ubiquitination of Bcl10 in control and USP9X shRNA-expressing cells.
JTAg cells stably expressing control or USP9X shRNA were transfected with
FLAG-Bcl10, HA ubiquitin, and CD28 and stimulated with anti-CD3 + anti-
CD28 for the indicated times, and then analyzed as in D. The data are rep-
resentative of three independent experiments. (F) TCR-induced K48-linked
ubiquitination of Bcl10 in control and USP9X-shRNA expressing cells. JTAg
cells stably expressing control or USP9X shRNA were transfected with FLAG-
Bcl10, HA-K48-only ubiquitin, and CD28; stimulated with anti-CD3 + anti-
CD28 for the indicated times; and then analyzed as in D. The data are rep-
resentative of three independent experiments. (G) Stability of Bcl10 in JE6.1
cells expressing USP9X shRNA. Cells were stimulated with anti-CD3 + anti-
CD28 and cycloheximide (50 pg/mL) was added for the indicated times. The
cell lysates were subjected to immunoblotting with the indicated antibodies.
Anti-Grb2 blot was used as a loading control. The data are representative of
two independent experiments.
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TCR-induced Bcll10 degradation was not stabilized by MG132
treatment (Fig. S64), and the K48-linked ubiquitination of Malt1-
associated Bcll0 was not altered in the presence of MG132, as
revealed by blotting with ubiquitin-K48 linkage-specific antibody
(Fig. S6B). Consistent with the result of ubiqutination with K48-
only ubiquitin (Fig. 4F), K48-linked Bcl10 ubiquitination was in-
creased in USP9X knockdown cells, whereas K63-linked ubig-
uitination of Bcl10 was similar in control and USP9X knockdown
T cells (Fig. S6C). Collectively, these results indicate that USP9X
acts as a deubiquitinating enzyme for Bcl10 and functionally reg-
ulates TCR-triggered CBM complex formation.

Discussion

In the present study, using both in vivo and in vitro genetic and
molecular approaches, we have characterized the role of the deu-
biquitinating enzyme USP9X as an important regulator of T-cell
proliferation, cytokine production, and Th differentiation by con-
trolling the TCR-induced NF-kB signaling pathway. At the molec-
ular level, a constitutive interaction is observed between the CBM
complex component Bcll0 and USP9X that is required for both
binding of Carmal to Bcl10-Maltl and deubiquitination of Bcl10.
Thus, the defect of USP9X-mediated CBM complex formation leads
to impaired NF-kB activation in USP9X-ablated T cells. Based on
these findings, we propose that USP9X acts as a positive regulator of
the TCR-CD28 signaling pathway by modulating CBM complex
assembly and subsequent TCR/CD28-induced NF-«kB activation.

Ubiquitination is a key mechanism that operates at different
stages of the sequential events in the CBM complex-mediated NF-
kB activation pathway. K63-linked ubiquitination of Bcl10 trig-
gered by TCR stimulation has been known to recruit IKK and
subsequently activate NF-xB (12, 13). In addition to its non-
proteolytic function in ubiqutination, E3 ligase (e.g., neural pre-
cursor cell expressed, developmentally downregulated 4; Itch;
BTRCP)-mediated Bcl10 ubiquitination has been reported to in-
duce Bcl10 degradation (26, 27), although which ubiquitin linkage
is involved remains elusive. A more recent study suggested that
K63-linked ubiqutination of Bcl10 is involved not only in NF-xB
activation, but also in Bcl10 degradation by autophagy in effector
T cells (25). In addition to K63-linked ubiquitination, K48-linked
ubiquitination of Bcl10 has been reported, although the role of
K48-linked ubiquitination on the regulation of Bcl10 remains
unclear (13). We observed that USP9X plays an important role
as a positive regulator in this process by interacting with and
regulating the CBM complex. Interestingly, the constitutive Bcl10-
Maltl complex interacts with USP9X without TCR stimulation,
suggesting that USP9X is a newly identified component of the
Bcl10-Maltl complex. Further molecular mechanistic studies in
USP9X-deficient T cells revealed that binding of Carmal to the
Bcl10-Maltl complex was reduced on TCR stimulation, accom-
panied by an increase in concurrent Bcl10 ubiquitination, which
collectively leads to impaired NF-«B activation. Although the
exact mechanisms by which USP9X modulates CBM complex
formation are not clear, we suggest that USP9X maintains the
integrity of the Bcll0-Maltl complex by deubiquitinating Bcl10
that is conjugated with K48-linked or other lysine-linked ubiquitin
chains, which may inhibit the accessibility of Carmal to the Bcl10-
Malt1 complex. Thus, TCR/CD28-induced oscillatory degradation
of USP9X, which was revealed by the present study, proposes that
USP9X is critically correlated to TCR-induced signaling, including
Bcl10 regulation. Further study is needed to gain more insight into
the mechanisms of USP9X function and regulation during TCR-
induced signaling transduction.

In this study, we emphasize that USP9X regulates T-cell func-
tion by modulating the TCR-induced NF-kB activation path-
way. Previous studies have demonstrated that USP9X has dif-
ferent target substrates in different cell types. One study showed
that USP9X promotes cell survival by stabilizing Mcll in a
deubiquitination-dependent manner in human lymphoma (20),
whereas a more recent report showed that USP9X expression is
inversely linked with pancreatic cancer by acting as a tumor
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suppressor (21). It seems that USP9X does not play a role in T-cell
survival, as revealed in the present study. Nevertheless, these
observations, together with our findings regarding the role of
USPI9X in T-cell regulation, raise the possibility that regulation
of USP9X activity may be prognostically and therapeutically im-
portant in the management of human lymphomas and T-cell-
mediated inflammatory diseases. Thus, further studies to deter-
mine the precise mechanism by which USP9X activity is regulated
during T-cell activation may aid in the design of therapeutic
approaches for human diseases.

Materials and Methods

Retroviral Transduction and Bone Marrow Reconstitution. C57BL/6 mice were
obtained from Jackson Laboratory, and B6 SJL (CD45.1) mice were obtained
from Taconic. All mice were housed in specific pathogen-free conditions. The
animal experiment protocols were approved by members of the Institutional
Animal Care and Use Committee of the La Jolla Institute for Allergy and Im-
munology. To generate bone marrow chimeric mice expressing USP9X shRNAs
(shUSP9X-1: 5'- TGCTGTTGACAGTGAGCGCGGTGCTAATCTCATTAAAGAATAG-
TGAAGCCACAGATGTATTCTTTAATGAGATTAGCACCTTGCCTACTGCCTCGGA-3;
shUSP9X-2: 5'- TGCTGTTGACAGTGAGCGCTTCCAGTGTGTCATACTATACTAGTG-
AAGCCACAGATGTAGTATAGTATGACACACTGGAAATGCCTACTGCCTCGGA-3';
shUSP9X-3: 5'- TGCTGTTGACAGTGAGCGAAGGGATGATGTGTTTGGATATTAG-
TGAAGCCACAGATGTAATATCCAAACACATCATCCCTGTGCCTACTGCCTCGGA-3),
Plat-E cells were transfected with 3 pg of LMP vector with 9 pL of TransIT-LT1
(Mirus), and the culture supernatant containing retrovirus was collected after
48 h. Mature T-cell-depleted bone marrow cells from B6 SJL (CD45.1) mice were
cultured for 24 h in IL-3 (10 ng/mL), IL-6 (10 ng/mL), and stem cell factor (100 ng/
mL) (all from Peptrotech) containing complete DMEM before initial retroviral
infection. Mature T-cell-depleted bone marrow cells were infected with retro-
virus together with 5 pg/mL polybrene by centrifuging cells at 420 x g for 60 min
at room temperature. At 2 d after infection, retrovirally transduced bone mar-
row cells were injected into lethally irradiated (900 rad) C57BL/6 recipient mice.
Recipient mice were killed at 8 wk after reconstitution and analyzed as
described below.

Cell Proliferation and Division Analysis. Purified CD4* T cells (2 x 10° cells/200 pL)
were plated in 96-well tissue culture plates with the indicated concen-
trations of plate-bound anti-CD3 (clone 145-2C11; BioLegend) and soluble
anti-CD28 (clone 37.1; Bio-Xell). Proliferation of the last 12 h of a 48-h culture
was detected by addition of 1 pCi/mL of 3H-thymidine, and cell-incorporated
radiation was monitored by a p-plate counter. Data are presented as the mean
value from triplicate wells. Cell division was analyzed by prelabeling T cells
with 5 uM Cell Trace Violet (Molecular Probes) and stimulating them at
a concentration of 2 x 10%/mL with plate-coated anti-CD3 (2 pg/mL) and
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soluble anti-CD28 (1 pg/mL) for 72 h. Violet intensity was measured by flow
cytometry.

Antibodies. Antibodies to phospho-lkBa, p65, phospho-PLCy, phospho-Zap70,
Zap70, phospho-LAT (Ser473), LAT, phospho-Erk1/2, phospho-p38, p38, phospho-
JNK, JNK2, Carma1, Ub-K48, and Ub-K63 were purchased from Cell Signaling
Technology. Antibodies to IkBa, Erk2, Lamin B, Malt1, Bcl10, Grb2, ubiquitin,
HA, and Myc were purchased from Santa Cruz Biotechnology. Anti-USP9X was
purchased from Novagen, anti-FLAG was purchased from Sigma-Aldrich, and
anti-actin was purchased from Millipore.

Multicytokine Assay. Supernatants were collected and diluted for cytokine
detection. Cytokines were detected with a multiplex cytokine kit (Bio-Rad)
according to the manufacturer’s instructions.

Adoptive Transfer and Immunization. CD4™ T cells from OT-lI control or OT-lI
USP9X knockdown chimeric mice were isolated, and 1 x 10° cells were injected
retro-orbitally into WT C57BL/6 mice. The next day, the recipient mice were
immunized with OVA (50 g, grade V; Sigma-Aldrich) emulsified in CFA (BD
Diagnostics) or alum (Pierce) by s.c. injection. At 6 d after immunization, cells
were collected from spleen and inguinal lymph nodes and cultured with
OVA323 339 peptide (10 pg/mL; AnaSpec) for 8 h at 37 °C in the presence of
Golgi Stop (BD Biosciences). The intracellular cytokine profiles were analyzed
by flow cytometry.

Establishment of Stable Jurkat E6.1 Cell Line by Lentiviral Transduction. To
generate Jurkat E6.1(JE6.1) cells stably expressing USP9X shRNA, USP9X shRNA
(USP9X: 5'- TGCTGTTGACAGTGAGCGCGGTGCTAATCTCATTAAAGAATAGTG-
AAGCCACAGATGTATTCTTTAATGAGATTAGCACCTTGCCTACTGCCTCGGA-3')
was subcloned into pGIPz lentiviral expression vector. Then 293T cells were
transfected with 1 pg of pGIPz vector and 5 pg of viral packaging mix (Sigma-
Aldrich) with 9 pL of TransIT-LT1 (Mirus). After 48 h, the culture supernatant
containing lentivirus was collected. JE6.1 cells were infected with lentivirus
together with 5 pg/mL polybrene by centrifuging cells at 420 x g for 60 min at
room temperature. Then lentivirus-transduced cells were selected with puro-
mycin (1 pg/mL). One week after selection, the cells were analyzed for GFP
expression by FACS. To generate JE6.1 cells stably expressing FLAG-BcI10, full-
length human Bcl10 ¢cDNA was subcloned into pLENTI6/V5-DEST lentiviral ex-
pression vector (Invitrogen) in frame with an N-terminal 3x FLAG epitope.
Lentivirus-transduced cells were selected with blasticidin (5 pg/mL).
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