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Antigen receptors activate pathways that control cell survival, proliferation, and differentiation. Two important targets of anti-
gen receptors, NF-kB and Jun N-terminal kinase (JNK), are activated downstream of CARMALI, a scaffolding protein that nucle-
ates a complex including BCL10, MALT1, and other IkB kinase (IKK)-signalosome components. Somatic mutations that consti-
tutively activate CARMAL1 occur frequently in diffuse large B cell lymphoma (DLBCL) and mediate essential survival signals.
Mechanisms that downregulate this pathway might thus yield important therapeutic targets. Stimulation of antigen receptors
induces not only BCL10 activation but also its degradation downstream of CARMAL, thereby ultimately limiting signals to its
downstream targets. Here, using lymphocyte cell models, we identify a kinase-independent requirement for TAK1 and its adap-
tor, TABI, in antigen receptor-induced BCL10 degradation. We show that TAK1 acts as an adaptor for E3 ubiquitin ligases that
target BCL10 for degradation. Functionally, TAK1 overexpression restrains CARMA1-dependent activation of NF-kB by reduc-
ing BCL10 levels. TAK1 also promotes counterselection of NF-kB-addicted DLBCL lines by a dual mechanism involving kinase-
independent degradation of BCL10 and kinase-dependent activation of JNK. Thus, by directly promoting BCL10 degradation,
TAKI1 counterbalances NF-kB and JNK signals essential for the activation and survival of lymphocytes and CARMA1-addicted

lymphoma types.

he transcription factor NF-«kB has important roles in lympho-

cyte maturation, activation, and differentiation, usually by
regulating the expression of cell survival genes (1). Mutations that
result in the constitutive activation of NF-kB are essential to the
survival of certain lymphocytic cancers, including both activated
B cell (ABC)-diffuse large B cell lymphoma (DLBCL) and muco-
sa-associated lymphoid tissue (MALT) lymphoma (2). Defining
how NF-kB is regulated in these cells is thus a fundamental re-
quirement for developing therapeutic strategies aimed at disrupt-
ing its activity in these cancers.

The multiprotein molecular complex formed by the protein
scaffolds CARMA1 and BCL10 and the protease MALT1, known
as the CBM complex, represents the constriction point through
which the antigen receptor (AR)-induced activation of the NF-kB
and Jun N-terminal kinase (JNK) signaling pathways are con-
trolled in lymphocytes (3—5). Downstream of the CBM complex,
transforming growth factor B-activated kinase 1 (TAK1) partici-
pates in the phosphorylation of IkB kinase 3 (IKKB) and a mito-
gen-activated protein kinase kinase (MAP2K) (6), which in turn
activate the NF-kB and JNK signaling pathways, respectively (3,
7-10). Despite advances in our knowledge of the CARMA1 acti-
vation cascade, relatively little is known about how lymphocytes
limit AR-driven NF-kB signals. Studies have indicated that acti-
vation of CARMAL through the AR (or via phorbol ester stimula-
tion mimicking the AR signal) induces K48-linked polyubiquiti-
nation (polyUb) of both CARMAT1 (11) and BCL10 (12-15). This
polyUb tag then targets these proteins for proteasomal, lysosomal,
or autophagosomal degradation (14, 16), thereby downregulating
the activity of the CBM complex.

The regulation of BCL10 has been extensively studied, pre-
dominantly in T cells. Although scaffolding by CARMAL1 is essen-
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tial for BCL10 activation, whether BCL10 requires additional sig-
nals for activation is unclear. AR stimulation induces BCL10
phosphorylation (17-20); however, conflicting evidence suggests
that phosphorylation promotes BCL10 activity by scaffolding
(20), signaling for K63-linked polyUb (21) or K48-linked polyUb
targeting BCL10 for degradation (12-15) or, alternatively, for the
induction of actin cytoskeletal rearrangements (22). Similarly, al-
though the degradation of BCL10 after AR stimulation is a con-
sistent finding, the proposed mechanisms and molecular players
vary considerably. Some studies have described a negative feed-
back loop that controls BCL10 ubiquitination and degradation via
IKKB-dependent BCL10 phosphorylation at S81 and S85 or S134
and S138 (13, 15); however, other studies have indicated that
BCL10 phosphorylation by the NF-«kB essential modulator
(NEMO)-IKK complex inactivates BCL10 independently of
BCL10 degradation (14, 20). BCL10 polyUb has also been attrib-
uted to various E3 ligases (E3s) including BTrCP, ITCH, and
NEDD4 or cIAP2 (12-15).

In this study, we used genetically deficient B cell lines to dem-
onstrate that CARMA1 and TAK]1, but not IKK, are necessary to
induce AR- or phorbol ester-dependent degradation of BCL10 in
DT40 B cells. Interestingly, our genetic and pharmacologic data
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suggest that TAK1 functions as an adaptor in lymphocytes. In
support of these results, experiments in 293T cells demonstrate
that TAKI specifically interacted with multiple E3 ligases, includ-
ing two members of the NEDD4 HECT E3 family: ITCH and, to a
lesser extent, NEDD4. Consistently, AR-induced BCL10 degrada-
tion from ITCH /" mice was significantly delayed in primary T
cells but not in B cells, implying differential usage of E3s and/or
redundancy in these cell types. Functionally, TAK1 overexpression
limited CARMA1-dependent activation of NF-«kB and reduced the
BCLI10 levels in 293T cells. In DLBCL lines, TAKI promoted cell
counterselection via kinase-independent BCL10 degradation and ki-
nase-dependent JNK activation. Together, these findings imply that,
besides its positive role in AR-dependent activation, TAK1 plays a
crucial feedback role by promoting BCL10 degradation and limiting
receptor-induced NF-kB activation.

MATERIALS AND METHODS

Mice, cell lines, and reagents. ITCH /™ mice (Itch®* *®) (23) and condi-
tional TAB1 mutant mice (24) in a C57BL/6] background were described
previously. Control C57BL/6] mice were obtained from Jackson Labora-
tories. Ramos, EL4 T, and HEK 293T cells were obtained from the ATCC.
The OCI-Ly7 and OCI-Ly10 DLBCL cell lines were kindly provided by Ari
Melnick (Weill Cornell Medical College). PKCBf/ =, CARMAI '™,
TAKI~'~, and IKKB '~ DT40 cell lines were kindly provided by T. Ku-
rosaki (RIKEN, Japan). Cell lines were cultured as described previously
(25, 26). 5Z-7-Oxozeaenol, phorbol 12-myristate 13-acetate (PMA),
ionomycin, phosphatase inhibitor cocktails (set I and set IT), JNK inhibi-
tor II, and ALLN (calpain inhibitor 1) were obtained from EMD Biosci-
ences; cycloheximide (CHX) (a drug that prevents de novo protein syn-
thesis) and protease inhibitor cocktail (P8340) were from Sigma-Aldrich.
BV6 cIAP1/2 antagonists were kindly provided by V. Dixit (Genentech).
TAT-NLS-Cre recombinant protein was obtained from Excellgen. Hu-
man/mouse ITCH (catalog no. sc-40364) and human TAB1 (hTAB1)
small interfering RNAs (siRNAs) (catalog no. sc-61851) were from Santa
Cruz Biotechnology. Mouse NEDD4 ON-TARGETplus siRNA and
hTAB1 ON-TARGETplus siRNA (catalog no. L-058562-00-0010 and
L-004770-00-0005, respectively) were from Dharmacon RNA Technolo-
gies. Control siRNA was from Qiagen (catalog no. 1022076).

Antibodies. The following antibodies were used: anti-BCL10 (331.3
and H-197), anti-phospho-extracellular signal-regulated kinase (anti-
phospho-ERK) (Y204, E-4), anti-ERK (C-16), antiactin (C-2), antihem-
agglutinin (anti-HA) probe (Y-11), antiubiquitin (F1-76), and anti-Ik B-«
(C-21) (Santa Cruz Biotechnology); anti-TAB1 (3225), anti-TAK1
(4505), anti-phospho-JNK (T183/Y185, 81E11), and anti-phospho-pro-
tein kinase D (anti-phospho-PKD) (5744/748, 2054) (Cell Signaling
Technology); anti-myc epitope (9E10) and anti-Flag epitope (M2) (Sig-
ma-Aldrich); pan anti-human/mouse cIAP1/2 (315301, R&D Systems);
anti-ITCH (611198; BD Biosciences); anti-NEDD4 (07-049; Millipore);
anti-chicken IgM (M4; Southern Biotech); anti-mouse IgM F(ab’), (Jack-
son ImmunoResearch); IRDye800-conjugated anti-rabbit IgG (Rockland
Immunochemicals); and Alexa Fluor 680-conjugated anti-mouse IgG
(Invitrogen).

Plasmid constructs. The following transient expression plasmids
were used: pCMV 3 XFlag-Cbl-b, -cIAP2, - ITCH, -NEDD4, and Flag-
BTrCP (25); pmCARMAI-APRD (26); pCMV Flag-IKKB-WT and
pCMYV Flag-IKKB-DA (Addgene plasmids 23298 and 11105) (27); pCR3-
Flag-BCL10 (a gift from M. Thome) (28); pPCMV5B-Flag-SMURF1 (Ad-
dgene plasmid 11752) (29); pCMV-SPORT6 muTAKI1 (IMAGE clone
3499247; Open Biosystems); pcDNA3-Flag-PKD2 (a gift from S. Si-
dorenko) (30); pcDNA HA-TAKI1 (created by ligating a double-stranded
oligonucleotide encoding an HA tag into the 5" end of the multiple-clon-
ing site of pcDNA 3.1 [Invitrogen]; site-directed mutagenesis was then
used [QuikChange II; Agilent] to generate restriction sites in pCMV-
SPORT6 TAKI to allow in-frame cloning of TAK1 downstream of the HA
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tag in the pcDNA backbone); pcDNA HA-TAK1-AAYA (to block binding
of TAK1 to TAB1 or HECT E3 ligases, point mutations L122A, P123A,
and Y125A were introduced into TAK1 using site-directed mutagenesis of
parental construct pcDNA HA-TAK1); pcDNA HA-TAK1-ATAB2/3 (to
remove residues binding TAB2 and TAB3 [31], amino acids 509 to 533 of
TAK1 were deleted by site-directed mutagenesis of parental construct
pcDNA HA-TAK1); pCMV-SPORT6 hTAB1 (IMAGE clone 6202841;
Open Biosystems); pPCMV 3XFlag TABI (site-directed mutagenesis was
used to create restriction sites in pPCMV-SPORT6 TAB1 that allowed di-
rect cloning of the TAB1 coding sequence downstream of an N-terminal
3XFlag tag in vector p3XFlag-CMV-7.1 [Sigma-Aldrich]); His-Ub (a gift
from K. Sabapathy, NCC, Singapore); pCS 8X HA-Ub (a gift from J.
Roberts, FHCRC); Igk,-IFN-luciferase and pmCARMAI1 (gifts from J.
Pomerantz) (32); pRL-TK (Promega); pmCARMA1-L232LI (for expres-
sion of the murine CARMA1 version of human CARMA1 L225LI [a con-
stitutively active mutant identified in a primary human DLBCL] [33];
site-directed mutagenesis was performed on pmCARMAI to introduce
the L232LI mutation); pPCMV C3 XF-CARMAI1-APRD (site-directed mu-
tagenesis was performed on plasmid pmCARMALI to create restriction
sites allowing in-frame cloning of the CARMA1 coding sequence up-
stream of a C-terminal 3XFlag epitope in plasmid p3XFlag-CMV-14
[Sigma-Aldrich]); pIRES Puro myc-BCL10 and pcDNA destabilized
BCL10-6Xmyc (d-BCL10) (generated by amplifying a BCL10 coding se-
quence from pCR3 Flag-BCL10 using oligonucleotides with convenient
restriction sites; amplicons were digested and then cloned in-frame to
N-terminal myc or C-terminal 6 Xmyc epitope tags in the specified plas-
mid backbones, and sequence analysis showed cloning artifacts in pcDNA
d-BCL10 6 Xmyc [P3H, E11G mutations of BCL10, and 35 random amino
acids after the 6 Xmyc tag] that decreased the stability of wild-type pcDNA
BCL10 6Xmyc). The following plasmids were use to generate lentiviral
vectors (LVs) for stable expression of the genes of interest: pRRL MND-
HA-TAK1 2A-GFP and pRRL MND HA-TAK1-AAYA 2A-GFP (coding
sequences of pcDNA HA-TAK1 and pcDNA HA-TAK1-AAYA were iso-
lated by restriction digest and cloned into pRRL MND 2A-GFP as de-
scribed previously [34]); pPRRL MND-HA-TAK1-K63W 2A-GFP; pRRL
MND GFP (34); pRRL MND-myc-BCL10 2A-mCherry; pRRL
MND-myc-BCL10-S138A 2A-mCherry; pRRL MND-mCherry; pGIPZ
shTAB1 V3LHS_350795; 5'-TGCTGTTGACAGTGAGCGAAACGGCT
ATGATGGCAACCGATAGTGAAGCCACAGATGTATCGGTT
GCCATCATAGCCGTTGTGCCTACTGCCTCGGA-3'; pGIPZ shTAK1
V2LHS_153758; 5 -TGCTGTTGACAGTGAGCGCGCAGATGAGCCA
TTACAGTATTAGTGAAGCCACAGATGTAATACTGTAATGGCTCA
TCTGCTTGCCTACTGCCTCGGA-3" (Open Biosystems); and pGIPZ
shScrambled (Open Biosystems). The following plasmids were used to
generate retrovirus for stable expression of the genes of interest: MSCV
myc-CARMAI1-APRD IRES-GFP, MSCV myc-CARMA1-WT IRES-GFP
(25), MSCV 3XFlag-TAK1 IRES-GFP, and MSCV 3 XFlag-TAK1-K63W
IRES-GFP (to create these constructs, site-directed mutagenesis of
pCMV-SPORT6 TAK1 was performed to create restriction sites allowing
cloning of TAK1 in-frame with the N-terminal 3 X Flag epitope in plasmid
3XFlag-CMV-7.1; mutagenesis was also used to generate a K63W muta-
tion within the kinase domain of TAK1, and subsequently, 3 X Flag-TAK1
and 3X Flag-TAK1-K63W coding sequences were isolated by restriction
digestion of the resulting plasmid and inserted into the MSCV-IRES-GFP
backbone). All coding sequences and cloning junctions were sequenced to
confirm sequence integrity.

Transient transfection and viral transduction. CARMAI '~ DT40
cells (4 X 10 cells/condition) were transiently transfected with 5 g of
pCMV Flag-IKKB-DA or empty vector plasmid DNA using an Amaxa
Nucleofector and cell line Nucleofector kit T, program B-23 (Lonza AG).
293T cells (0.5 X 10%/condition) were transfected with selected expression
or empty vectors using FuGENE 6 (Roche) with a 1:3 DNA/FuGENE 6
ratio. All transfection experiments were carried out for 48 h before anal-
ysis. Retroviruses were generated for stable protein expression in DT40 or
Ramos B cells; retrovirus production and target cell transduction and
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green fluorescent protein (GFP) selection were carried out as described
previously (25) using the packaging plasmid 10A1 and the cDNA of in-
terest subcloned into the retroviral MSCV-IRES-GFP plasmid. Recombi-
nant LVs were used to stably express TAKI proteins in human DLBCL
lines or short hairpin RNAs (shRNAs) in 293T and Jurkat cells. LVs were
generated as described previously (34, 35). Briefly, 60% confluent 293T
cells were transfected with the LV constructs of interest, psPAX2 and
MD2.G (4:2:1 psPAX2/MD2.G/DNA ratio), using polyethyleneimine
(PEI) at 1 pg/ml or Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen). Seventy-two hours posttransfection, superna-
tants were harvested and cleared by centrifugation. Viral preparations
were concentrated using PEG-it virus precipitation solution (System Bio-
sciences). Cells (0.5 X 10%condition) were transduced using the follow-
ing LVs: pRRL-MND-TAK1 2A-GFP, pRRL-TAKI-AAYA 2A-GFP,
pRRL-TAK1-K63W 2A-GFP, or pPRRL-MND-GFP. Counterselection and
cell death were analyzed with a fluorescence-activated cell sorter (FACS)
at different time points posttransduction by analysis of GFP expression or
incorporation of 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich),
respectively. For TABI knockdown, 293T cells were transduced for 72 h at
37°C using concentrated viral supernatants in growth medium with Poly-
brene (8 pg/ml). GFP-positive cells were purified using a FACSAria cell sorter
and expanded. Knockdown efficiency was estimated by Western blotting. For
TAK1 knockdown, Jurkat T cells were transduced in growth medium with
Polybrene (8 g/ml) using three additions of 100-fold-concentrated recom-
binant LVs expressing TAK1 shRNA over 48 h.

Cell activation and treatment with drugs. All protein degradation
experiments were carried out in the presence of 70 wM CHX (or 140 uM
for DLBCL lines) to prevent de novo protein synthesis. For basal analysis of
BCLI10 degradation, Ramos (1 X 10%condition), DT40 (2 X 10%/condi-
tion), or OCI-Ly7 (0.5 X 10%condition) cells were incubated with CHX
for 0 to 7 h at 37°C in a CO, incubator. For inducible BCL10 degradation,
cells were serum starved in RPMI medium for 30 to 60 min before stim-
ulation. DT40 cells (2 X 10%/condition), Jurkat T cells (0.5 X 10%/condi-
tion), OCI-Ly10 cells (0.5 X 10%/condition), or primary murine spleno-
cytes (4 X 10°/condition) were preincubated with CHX for 30 min at
room temperature and then stimulated with PMA (3.9 to 250 nM) and
ionomycin (1 pg/ml) (P/I). For AR-stimulated DT40 cells, anti-chicken
IgM (10 pg/ml) was added for 15 min at 4°C and washed, and cells were
incubated at 37°C with anti-mouse IgM F(ab'), fragment (10 pg/ml) for
various time points. For AR stimulation of Jurkat T cells, anti-hCD3e
(OKT3) at 10 wg/ml and anti-hCD28 (catalog no. 555725; BD Pharmin-
gen) at 5 pg/ml were added for 10 min on ice prior to the addition of
anti-mouse IgG cross-linking antibody (Jackson ImmunoResearch) at
37°C for stimulation. For cells treated with inhibitors, cells were preincu-
bated with either 5Z-7-oxozeaenol (0.1 to 20 wM), JNK inhibitor IT (2.5 to
20 uM) for 30 min at room temperature or the cIAP1/2 antagonist BV6
(2.5 uM) for 1 h at 37°C before the addition of CHX, followed by stimu-
lation with P/I. At each time point, cells were harvested and lysed with a
highly stringent lysis buffer (radioimmunoprecipitation assay [RIPA],
250 mM NaCl, 20 mM Tris [pH 7.4], 1% Triton X-100, 0.1% SDS, 0.5%
sodium deoxycholate, with protease and phosphatase inhibitor cocktails).

Immunoprecipitation and immunoblotting. Transfected 293T cells
were preincubated with 25 wuM ALLN for 1 h before harvesting in order to
block proteasomal degradation. For analysis of protein ubiquitination,
cells were lysed with RIPA buffer containing 1% SDS and then diluted
10-fold to allow immunoprecipitation (IP); for analysis of protein coim-
munoprecipitation (co-IP), cells were lysed with RIPA buffer. IPs were
carried out in postnuclear supernatants using a 25-pl bead volume of
anti-Flag M2 affinity gel (Flag IP; Sigma-Aldrich). IPs were carried out for
2 h at 4°C; beads were washed 3 times with RIPA buffer without SDS and
sodium deoxycholate and 2 times with TBS (50 mM Tris-HCI [pH 7.4]
and 150 mM NacCl). Protein complexes were eluted with 150 ng/pl of
3XFlag peptide (Sigma-Aldrich), and eluates were treated with 6X Laem-
mli buffer. Proteins were resolved using 8 to 10% SDS-PAGE and trans-
ferred to PVDF-FL membranes (Millipore). Membranes were blocked
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with Odyssey blocking buffer (Li-Cor Biosciences). Primary antibodies
were incubated overnight at 4°C with IRDye800- or Alexa Fluor 680-
labeled secondary antibodies for 1.5 h at room temperature. Proteins were
visualized and quantified using the Odyssey infrared imaging system from
Li-Cor Biosciences.

siRNA transfection. Murine EL4 T cells, Jurkat T cells, and A20 B cells
were cultured at a density of 5 X 10° overnight 1 day before transfection.
Transfection (2 X 10 cells/condition) was carried out using the Amaxa L
kit (program C-009) for EL4 cells, the V kit (program L-13) for A20 cells,
and the V kit (program X001) for Jurkat cells with 200 pmol of control,
ITCH, and/or NEDD4 siRNA or two pooled TAB1 siRNAs (100 pmol
each). Cells were incubated for 24 to 48 h before analysis.

NF-kB luciferase activity. 293T cells (5 X 10° per sample) were trans-
fected for 48 h using FuGENE 6 (Roche Applied Science) with 1 pg of
mammalian expression plasmids, 250 ng of Igk2-IFN-luciferase (NF-kB
reporter), and 50 ng of pRL-TK (transfection control). NF-«kB and control
activities were analyzed according to the dual-luciferase reporter assay
protocol from Promega. Alternatively, DLBCL lines and Jurkat T cells
were transduced to express a secreted Gaussia luciferase (GLuc) (36) un-
der the control of 3XNF-kB response elements. Transduction efficiency
was evaluated by the expression of the cis-linked marker mCherry under
the control of an sEFla promoter. NF-kB activity was analyzed in cells
that were washed twice with PBS and resuspended in 200 .l of culture
medium at a density of 2 X 10> cells/condition and plated in 96-well
plates. Sample supernatants (20 pl/time point) were collected between 0
and 5 h without stimulation. For CD3/CD28-stimulated Jurkat T cells,
plates were precoated with 5 pwg/ml of anti-hCD3¢ antibody and 1 pg/ml
of anti-hCD28 for 0 to 5 h. GLuc activity was analyzed using the BioLux
GLuc assay kit (New England BioLabs).

TAT-Cre treatment and stimulation of floxed-Tab1 splenic B cells.
Splenic B cells were purified from flox/flox-Tab1, wild type (WT), and a
flox/flox-GFP reporter mice. The B cells were washed 2 times with serum-
free RPMI medium and resuspended at a density of 5 X 10° cells/ml. Cells
were pretreated with 250 nM TAT-Cre for 1 h at 37°C, washed, resuspended
in RPMI with 10% FCS at the same cell density, and cultured for 24 h at 37°C
in 5% CO, (37). Cells were harvested, serum starved in RPMI for 1 hat 37°C,
and then stimulated with P/I (250 nM/1 pg/ml) for 0 to 3 h. Cells were lysed
with 1X RIPA buffer,and 3 X 10°to 4 X 10° cell equivalents were loaded/lane
for subsequent Western blotting. Of note, as Cre recombination deletes only
the C-terminal TAK1 binding region of TAB1, TABI expression appeared to
be equivalent in TAT-Cre-treated and nontreated cells, findings which are
consistent with those in the original report (24).

Protein densitometry. Signal intensities of immunoblots probed with
fluorescently labeled secondary antibodies were measured using the Od-
yssey infrared imaging system (Li-Cor). In DT40 cells, Ramos B cells,
Jurkat T cells, and primary splenocytes, endogenous BCL10 and myc-
CARMAL1 levels were determined relative to those of ERK, TAK1, or actin
loading controls; for kinetic analyses, values were normalized relative to
the zero time point, whose value was arbitrarily set as 1. For densitometry
of protein knockdown, signal intensities were normalized relative to those
of the loading controls, with the relative signal for cells transfected/trans-
duced with control siRNA/shRNA set as 1. In 293T cells, endogenous
BCL10 was quantified relative to the values of CARMAL. To quantify the
levels of protein coimmunoprecipitated from 293T cell transfections, the
BCL10/Flag, CARMA1/Flag, and TAK1/Flag ratios were obtained after
dividing the densities of each protein in IPs by those of whole-cell lysates
(WCLs).

RESULTS

In DT40 B cells, BCL10 degradation requires PKC(3, CARMA1,
and TAKI. Previous studies have demonstrated that CARMAL ex-
pression is required for both BCL10 ubiquitination and degradation
in T cell lines (13, 21). To determine whether CARMA]1controls
BCL10 degradation in B cells, CARMA]I /7 DT40 B cells were stim-
ulated with P/1 in the presence of CHX, a drug that prevents de novo
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FIG 1 Activation-induced BCL10 degradation in DT40 B cells requires PKC, CARMA1, and TAK1 but not IKK. (A) WT, PKCB, CARMA1 ~/=, TAK1™’",and
IKKB ™/~ DT40 cells were stimulated with P/I for 0 to 2 h. (B) BCL10 densitometry; graphs show the means = standard errors of the mean (SEM) from six
independent experiments. **, P < 0.01 using Student’s unpaired ¢ test compared to the same time points in WT and IKKB ™/~ DT40 cells. (C) CARMA1~/~ DT40
cells stably reconstituted with myc-CARMA1-APRD were transfected with empty vector or Flag-IKKB-DA for 48 h and incubated with CHX for 0 to 7 h. (D)
CARMAI '~ and TAK1~/~ DTA4O cells stably reconstituted with myc-CARMA1-WT or myc-CARMA1-APRD were stimulated with P/I for 0 to 120 min (left)
or incubated with CHX (right) for 0 to 5 h. (E) WT, CARMAI /", or TAKI "/~ DT40 cells were stimulated with anti-IgM plus an anti-mouse IgM (2nd) or with
2nd only as a control for 0 to 2 h. (F) Jurkat T cells transduced with TAK1 or control shRNAs were stimulated with CD3/CD28 or P/I for 0 to 3 h. (G) Human
Ramos B cells stably reconstituted with myc-CARMA1 or myc-CARMA1-APRD were incubated with CHX for 0 to 3 h. In each experiment, whole-cell lysates
(WCLs) were immunoblotted with the indicated antibodies (left labels). The signal intensities of BCL10, myc-CARMA1, and pERK (E) are shown in a graph (B)
or below the blots (A and C to G) and are calculated as described in Materials and Methods.

protein synthesis, and degradation of BCL10 was visualized by im-
munoblotting (Fig. 1A, middle). While BCL10 levels were reduced by
50% as early as 30 min post-P/I stimulation in WT cells, BCL10 was
resistant to proteolysis in CARMAI '~ DT40 cells.

A primary downstream target of P/I in B cells is PKCB, which
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phosphorylates and activates CARMA1 (3, 26). CARMALI then
assembles a BCL10-containing protein complex required for
TAKI activation and subsequent activation of JNK and IKK sig-
naling pathways. To identify which proteins downstream of P/I
signal BCL10 proteolysis besides CARMA1, we analyzed DT40 cell
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FIG 2 TAKI promotes BCL10 degradation independent of its kinase activity in lymphocytes. TAKI1™/~ DT40 cells were retrovirally reconstituted with
Flag-TAK1 or kinase-dead Flag-TAK1 (KD) and stimulated with 1 pg/ml ionomycin and increasing doses (3.9, 7.8, 31.2, and 250 nM) of PMA for 2 h (A) or 1
wg/ml ionomycin and 250 nM PMA for 0 to 20 min (B). WT and TAKI~/~ DT40 B cells (C) or EL4 T cells (D) were pretreated with the indicated doses of the
TAK1 inhibitor 5Z-7-oxozeaenol followed by CHX and then stimulated with P/I (250 nM/1 wg/ml) for 0 to 180 min. Cells were lysed with RIPA buffer and
immunoblotted as indicated to the left of each blot. The signal intensities of BCL10 levels relative to those of ERK were measured as described in Materials and

Methods and are shown below the BCL10 immunoblots.

lines with targeted deletions of PKC[3, IKKf3, and TAK1 (9, 38). As
expected, genetic deletion of PKCR abolished P/I-induced BCL10
degradation, consistent with its function upstream of CARMAL in
this pathway (Fig. 1A, top). Surprisingly, although IKK controls
induction-dependent degradation of BCL10 in T cells (13, 15),
BCL10 degradation was normal in IKKB ™'~ DT40 B cells (Fig. 1A,
bottom, and B). Additionally, overexpression of a constitutively
active IKKB (f-IKKB-DA) (Fig. 1C) (27), even in activated
CARMAI1™'~ DT40 B cells (cells reconstituted with CARMA1-
APRD), did not further enhance BCL10 degradation, indicating
that IKKB does not synergize CARMA1-dependent BCL10 degra-
dation in DT40 B cells. Interestingly, deletion of the distal signal-
ing effector TAK1 abolished BCL10 proteolysis in P/I-activated
cells (Fig. 1A, bottom), and while reexpression of WT CARMA1
(Fig. 1D, left) or a constitutively active CARMA1 molecule (myc-
CARMAI1-APRD) (Fig. 1D, right) in CARMA1~"~ cells reconsti-
tuted BCL10 degradation, deletion of TAK1 abolished BCL10 deg-
radation in either case.

To confirm that P/I stimulation is a faithful surrogate for an-
tigen receptor (AR) stimulation of BCL10 stability, TAK1 '~ and
CARMAI1™'~ DT40 cells or Jurkat T cells LV transduced with
TAK1-specific sShRNAs were stimulated using anti-IgM or anti-
CD3/CD28, respectively. Similar to P/I stimulation, AR cross-
linking required both CARMA1 and TAK1 in DT40 cells (Fig. 1E)
and TAK1 in Jurkat T cells (Fig. 1F) to induce BCL10 degradation.
Finally, we observed that BCL10 degradation constitutively oc-
curred in a human B cell line (Ramos) stably expressing activated
CARMAL1 (Fig. 1G). Consistent with our previous report (25),
myc-CARMA1-APRD stability was also reduced, suggesting that
CARMAL1 and BCL10 undergo parallel protein degradation upon
CARMAL1 activation.

TAKI, but not its kinase activity, is required for BCL10 ubiq-
uitination and degradation. Studies have indicated that BCL10
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turnover is signaled by IKKB-dependent phosphorylation of
BCL10 in T lymphocytes (13, 15). Because IKK3 was dispensable
in DT40 B cells, we hypothesized that TAK1 instead might catalyze
a signaling phosphorylation event in B cells. To test this hypothe-
sis, BCL10 degradation was analyzed in TAKI1~'~ DT40 cells re-
constituted with either WT or kinase dead (KD) TAK1 (K63W)
(39) and stimulated with doses of PMA (Fig. 2A). Under these
conditions, BCL10 degradation was equally rescued in both
TAK1- and TAK1-KD-reconstituted cells. The absence of JNK
phosphorylation confirmed the lack of TAK activity in cells recon-
stituted with TAK1-KD (Fig. 2B). To further confirm that TAK1
kinase activity is not required for BCL10 degradation in lympho-
cytes, WT DT40 B cells and murine EL4 T cells were treated with
the specific TAK1 kinase inhibitor 5Z-7-oxozeaenol. Cells treated
with the TAKI inhibitor exhibited normal BCL10 degradation
after P/I stimulation, although the inhibitor specifically blocked
JNK phosphorylation (Fig. 2C and D). These data indicate that
TAKT1 is required for BCL10 degradation in lymphocytes and that
TAKI kinase activity is dispensable in this process.

We hypothesized that TAK1 might be an essential adaptor of a
protein that either signals for or catalyzes the polyUb of BCL10. To
test this idea, we first determined whether overexpressed TAK1
can promote the polyUb of BCL10. These experiments were car-
ried out in 293T cells in order to consistently analyze BCL10 ubiq-
uitination under coexpression of multiple proteins. 293T cells
were transfected with combinations of TAK1, Flag-BCL10, HA-
UDb, and activated CARMAL1 (myc-CARMA1-APRD), and BCL10
polyUb was visualized as a slower-migrating smear in Flag IPs
using anti-HA or anti-Ub antibodies (Fig. 3A). Because BCL10
overexpression is sufficient for activating downstream signals (40,
41), it results in low constitutive polyUb. However, polyUb of
BCL10 was significantly enhanced only when TAKI and
CARMAL1-APRD were coexpressed (Fig. 3A, lane 5), indicating
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FIG 3 TAKI interaction with TAB1 controls CARMA1-dependent ubiquitination and degradation of BCL10. (A to D) 293T cells were cotransfected for 48 h with
combinations of expression vectors for the proteins indicated at the top of each blot. WCLs were prepared for Flag IPs and Western blots as described in Materials
and Methods. BCL10 polyUb (A, C,and D) or TAK1-TABI interaction (B, middle) in Flag IPs (A to D, top panels) or WCLs (A to D, bottom panels) was detected
using the indicated antibodies (left of the blots). (B) The top diagram shows TAK1 mutations that disrupt interaction with TAB2/3 (TAK1-ATAB2/3) or TAB1
(TAK1-AAYA). Middle, TAK1 blots with levels of TAK1 in the Flag IPs are normalized to those in WCLs (to compensate for TAK1-WT protein stabilization
induced by TABL1 (50, 51). Bottom, NF-«B activity in 293T cells cotransfected with Igk2-IFN-luciferase (NF-«B reporter), pRL-TK (transfection control), and
combinations of the indicated plasmids. The graph shows means = SEM from four independent experiments normalized as the percentage of the highest value
in each experiment. (C) Immunoblot analysis of BCL10 polyUb by the CARMAL1 and TAK1 mutants described for panel B. (D) Transfections were performed
in cells transduced with LVs expressing control or TAB1-specific shRNAs. (E) Jurkat T cells were transfected with control or TAB1 siRNAs, stimulated with
anti-CD3/CD28, lysed, and blotted with the antibodies indicated on the left. (F) Jurkat T cells, transduced to express a secreted NF-kB-controlled GLuc, were
transfected with control or TAB1 siRNAs and stimulated with anti-CD3/CD28 for 0 to 5 h. GLuc activity was analyzed as described in Materials and Methods,
normalized to that of unstimulated cells, and plotted as the percentage of the highest GLuc value in each experiment. (G) Splenic B cells purified from
flox/flox-TAB1, WT, and flox/flox-GFP reporter mice were treated with TAT-Cre and stimulated as described in Materials and Methods. Left, GFP induction in
untreated (—) or TAT-Cre-treated flox/flox-GFP reporter B cells. Middle, cells were lysed and blotted with the antibodies indicated on the left. The signal
intensities of BCL10 and pJNK levels relative to that of actin are displayed below the immunoblots and graphically for BCL10 (right). (E and G) The graphs show
the means = SEM from three independent experiments. BCL10 levels were normalized relative to that of actin. *, P > 0.05, unpaired Student’s  test.
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that TAK1 acts in synergy with CARMAL to promote BCL10
polyUb.

The activation and substrate specificity of TAK1 are mediated
through its interactions with TAB1 and TAB2 and with TAB3
adaptors, respectively (42—44). To determine whether these adap-
tors have a role in the polyUb of BCL10, we generated TAK1
mutants with an impaired ability to interact with TAB proteins
(Fig. 3B, top). TAB2/3 interactions are eliminated by the deletion
of amino acids 509 to 533 of TAK1 (31) (TAK1-ATta2/3), and for
TABI1 binding, the crystal structure of a TAKI-TAB1 chimeric
protein suggested tyrosine 125 (Y125) of TAK1 as one of the
important interaction residues (45). Y125 is also part of the
LPYY motif (residues 122 to 125), a canonical binding site for
the NEDD4 family of E3s (46, 47). Therefore, we mutated this
LPYY motif to AAYA (48, 49) in order to determine whether
this mutation would delete TAB1 binding and/or eliminate any
potential NEDD4-E3 binding partners. Co-IP of TAB1 with
TAKI1-AAYA revealed 10-fold less interaction than with WT
TAK1 (Fig. 3B, middle). Although the overexpression of TAB1
enhances spontaneous TAKI1-dependent NF-kB activity in
293T cells (43, 50, 51), coexpressed TAK1-AAYA and TABI1
failed to enhance NF-«kB activity (Fig. 3B, bottom). We next
evaluated the effect of TAB binding-deficient TAK1 mutants
on polyUb of BCL10 (Fig. 3C). WT and mutant TAK1 con-
structs were cotransfected with Flag-BCL10, CARMA1-APRD,
and His-Ub in 293T cells, and BCL10 polyUb was detected in Flag
IPs. Only the TAK1-AAYA mutation interfered with polyUb of
BCL10 (Fig. 3C, lane 3), suggesting that TAK1 interaction with TABI,
but not TAB2/3, might be required to promote BCL10 polyUb. Al-
though reduced expression of TAK1-ATAB2/3 was observed, it did
not interfere with BCL10 polyUb.

Genetic analyses of the role for TABI in activation-induced
BCL10 polyUb and degradation included shRNA and siRNA
knockdown in 293T and Jurkat T cells, respectively (Fig. 3D to
F). TAB1 knockdown reduced CARMAI1/TAKI-codependent
polyUDb of BCL10 in 293T cells (Fig. 3D) and delayed CD3/CD28-
induced BCL10 degradation in Jurkat cells (despite a knock-
down efficiency of only ~30%) (Fig. 3E). We next tested the
requirement for TABI in primary splenic B cells purified from
conditional-TAB1 mutant mice (24) (Fig. 3G). After treatment
with TAT-Cre ex vivo (excising the TAK1 binding site from
TAB1), we found that P/I-induced BCL10 degradation was
markedly reduced (Fig. 3G), indicating a requirement for
TAK1-TABLI interaction for BCL10 degradation in primary B
cells. Similar to studies suggesting that enhanced BCL10 stabil-
ity in Jurkat T cells results in increased NF-kB activity and
interleukin 2 (IL-2) production (13, 15), we observed that
TAB1 knockdown resulted in increased NF-kB GLuc activity
(~30 to 40%) in Jurkat T cells relative to that in controls (Fig.
3F). We also observed higher JNK phosphorylation in TAT-
Cre-treated floxed-TAB1 B cells (Fig. 3G), consistent with a
role for TAB1 in downmodulating CARMA1-triggered signals.
Overall, these results indicate a nonenzymatic requirement for
TAK1 and its adaptor TAB1 for activation-induced BCL10
polyUb and degradation as a mechanism for downregulating
CARMA1-dependent signals in T and B lymphocytes.

Preferential interaction of the NEDD4 family of HECT ubiq-
uitin ligases with TAK1. Multiple E3s have been reported to tar-
get BCL10 for polyUb and turnover in lymphocytes (12-14).
Among these candidates, cIAP2 and ITCH have been shown to
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FIG 4 TAKI, but not BCL10 or CARMAL, preferentially interacts with
ITCH E3 ligase. 293T cells were cotransfected for 48 h with combinations
of the indicated Flag-tagged E3s and BCL10 (A), TAKI or TAK1-AAYA (B
to D), or CARMAI (C). WCLs were prepared using RIPA buffer, and
proteins were detected by immunoblot (left of blots) on Flag IPs (top blots)
and WCLs (bottom blots). (A, bottom) Overexposed BCL10 blot in WCLs.
(B) The graph shows means = SEM from four independent experiments;
NEDD4 interaction levels with TAK1 varied between experiments and did
not reach statistical significance. Blots show representative data. (B and C)
Quantification of immunoprecipitated TAK1 or CARMA1 by E3s in Flag
IPs relative to that of WCLs. The highest value in each experiment was set
as 1. *, P > 0.05; ns, not significant, unpaired Student’s ¢ test comparing
TAKI1 interaction with ITCH or NEDD versus that each of the other non-
NEDD4 family E3s.

co-IP with BCL10 under mild solubilization conditions (12). Be-
cause protein overexpression might result in an overestimation of
protein interactions under such conditions, we tested the poten-
tial interactions of BCL10 with these and other E3s using relatively
stringent lysis conditions (RIPA buffer) (Fig. 4A). The positive-
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FIG 5 ITCH overexpression promotes BCL10 turnover. (A and B) 293T cells were cotransfected with candidate Flag-tagged E3s and a modified 6 Xmyc-BCL10
construct (A and B) (d-BCL10; see Materials and Methods for details) or WT-BCL10 (B). WCLs were prepared and blotted for BCL10 and E3 expression
(anti-Flag) (left of blots). Unphosphorylated (p0) and phosphorylated BCL10 bands (pl and p2) are indicated by arrowheads. (A) Right, densitometry of
phosphorylated (p1 + p2) relative to unphosphorylated (p0) BCL10 levels. **, P > 0.01, unpaired Student’s  test comparing p-BCL10 levels in ITCH-expressing
cells to those in vector-, cIAP2-, NEDD4-, Cbl-b-, and BTrCP-expressing cells. (B) Cells were incubated with CHX for 0 to 6 h and analyzed for BCL10 and
Flag-ITCH expression. Quantification of p0 or p1 levels were normalized relative to that of Flag (shown below the BCL10 blots, zero time point = 1). (C) Left,
levels of BCL10 and ERK in 293T cells transfected with myc-tagged WT or serine 138 to alanine (S138A)-mutated BCL10. Right, Jurkat T cells stably expressing
myc-BCL10 or myc-BCL10-S138A were stimulated with CD3/CD28 for 0 to 3 h and analyzed for the indicated proteins (left of blots). Bottom, BCL10 levels
relative to that of actin (means = SEM from three independent experiments, zero time point = 1).

control co-IP of BCL10 with CARMA1-APRD was clearly pre-
served under these conditions (Fig. 4A, lane 8). Surprisingly, none
of the E3s coimmunoprecipitated with BCL10 (Fig. 4A, top);
nonetheless, a high-molecular-weight smear of BCL10 (indicative
of polyUb) was observed in WCLs when coexpressed with either
ITCH or NEDD4 (Fig. 4A, bottom). Because TAK1, CARMAL,
and BCL10 have been shown to coimmunoprecipitate from acti-
vated lymphocytes (7, 9), and because BCL10 degradation re-
quires a kinase-independent TAK1 function, we tested the ability
of TAK1 to coimmunoprecipitate with candidate E3s under iden-
tical lysis conditions (Fig. 4B, top). Quantification of E3 and TAK1
levels in Flag IPs revealed that TAK1 preferentially interacted with
members of the NEDD4 family of HECT E3s, ITCH, and, to a less
significant extent, NEDD4 (Fig. 4B, bottom). Similar to BCL10,
CARMALI interacted less efficiently with the selected E3s than
TAKI1 (Fig. 4C).

Although we demonstrated that TABI interaction is dimin-
ished by the TAK1-AAYA mutation (Fig. 3B), it remained possible
that this mutation also eliminates a putative binding site for
NEDD4 family E3s (46, 47). Thus, we next compared the interac-
tion of TAK1 or TAK1-AAYA with Flag-tagged ITCH (Fig. 4D).
Equivalent levels of both proteins coimmunoprecipitated with
ITCH, indicating that deficient BCL10 ubiquitination by the
TAK1-AAYA mutation was mainly due to defective interactions
between TAK1 and TABI. In conclusion, these combined data
support the hypothesis that TAKI functions as an adaptor of
NEDD4 family HECT E3s in order to promote BCL10 ubiquiti-
nation and degradation.

Although ITCH and NEDD4 increased polyUb of BCL10, a re-

1156 mcb.asm.org

duction of BCL10 protein levels was not readily apparent (Fig. 4A).
To define which of these E3s preferentially targeted BCL10 for deg-
radation in 293T cells, we utilized a destabilized BCL10 protein (d-
BCL10). Previous studies have suggested that BCL10 turnover pref-
erentially targets phosphorylated BCL10 (15). Coexpression of
d-BCL10 with E3s revealed that levels of the phosphorylated
forms pl and p2 of BCL10 were markedly reduced by ITCH
(Fig. 5A). To determine whether reduced p1 and/or p2 levels in
cells expressing ITCH result from enhanced degradation rather
than defective phosphorylation of BCL10, we evaluated the stabil-
ity of WT-BCL10 and d-BCL10 in the presence of ITCH and CHX
(Fig. 5B). While the phosphorylated and nonphosphorylated
forms of WT-BCL10 were stable under these conditions, robust
degradation of both species was observed with d-BCL10 (Fig. 5B),
indicating that reduced pl and/or p2 levels of d-BCL10 result
mainly from enhanced degradation. As nonphosphorylated
d-BCL10 also rapidly degraded (Fig. 5B), and the association of
BCL10 phosphorylation with its degradation is still controversial
(15,20, 22), we reevaluated BCL10 degradation using a mutant in
which serine 138 was replaced with alanine (S138A) (Fig. 5C). As
expected, S138A-BCL10 was expressed mostly as p0 (Fig. 5C, left),
even after stimulation (17, 20, 22). In agreement with previous
studies (20, 22), we observed that activation-induced degradation
of BCL10 was identical in the WT and the S138A mutant in Jurkat
cells (Fig. 5C, right and bottom), indicating that both the phos-
phorylated and the nonphosphorylated BCL10 isoforms can be
targeted for degradation in T lymphocytes.

Delayed BCL10 degradation in ITCH-deficient T lympho-
cytes. Because ITCH preferentially increased BCL10 polyUb and
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FIG 6 Itch regulates BCL10 degradation in primary T but not B cells. (A) Splenocytes or purified splenic B and T cells derived from WT or ITCH ™/~ mice
were stimulated with P/I for 0 to 180 min and immunoblotted with the antibodies indicated on the left. Bottom, levels of BCL10 (combined signal
intensities of unmodified and phosphorylated BCL10/ERK) (zero time points = 1). *, P > 0.05, unpaired Student’s ¢ test comparing ITCH /" versus WT
cells. Inset blot, expression of ITCH and actin in splenocytes of WT and ITCH /™ mice. Murine EL4 T cells (B) and A20 B cells (C) were transfected with
the indicated siRNAs for 24 h, stimulated with P/I, and analyzed for the proteins indicated on the left. (B) Left bottom, the relative levels of BCL10 (zero
time point = 1). **, P > 0.01, and *, P > 0.05, unpaired Student’s f test comparing time points in ITCH or NEDD4 siRNA-transfected cells versus those
transfected with control siRNA. (B and C) siRNA knockdown of ITCH and NEDD4 protein intensities are shown beneath the blots and were determined
relative to that of ERK.

degradation and interacted with TAK1 in 293T cells, we next NEDDA4 deletion at 30 to 60 min poststimulation (Fig. 6B, bottom
tested the requirement for ITCH in BCLI0 turnover in total left). In agreement with our data from 293T cells (Fig. 4 and 5), the
splenocytes or purified T and B cells derived from WT versus  deletion of both E3s did not further delay the process, indicating a
ITCH ™/~ mice (Fig. 6A). Consistent with our results in 293T cells  less predominant role for NEDD4 in this T cell line (Fig. 6B, bot-
(Fig. 5), we observed increased phospho-BCL10 levels in  tom left). Similar to the resultsin ITCH /" Beells (Fig.6A),ITCH
ITCH /" primary lymphocytes (Fig. 6A, overexposed blots). and NEDD4 knockdown in the murine A20 B cell line showed no
Quantification of BCL10 protein in stimulated WT versus impact on BCL10 degradation (Fig. 6C). We conclude that ITCH
ITCH /" lymphocytes revealed that BCL10 degradation was sig-  and, to a lesser extent, NEDD4 have roles in BCL10 degradation in
nificantly delayed in ITCH /" total splenocytes and in splenic T T cells but not B cells and that it is likely that additional E3s signal
cells but not in B cells (Fig. 6A, bottom). The partial delay in  the turnover of BCL10 in lymphocytes.

BCL10 degradation did not appreciably impact downstream sig- cIAPs are not required for BCL10 degradation in B cells. Pre-
naling pathways, as IkBa degradation remained intact, suggesting ~ vious reports indicated that ubiquitination and degradation of
that other E3s, perhaps including NEDD4, might have redundant ~ BCL10 were partially controlled by the RING family E3 ubiquitin
roles in BCL10 turnover. To test this idea, endogenous ITCH, ligase cIAP2 in T cells (12, 52); however, its role in B cells was
NEDDA4, or both were knocked down using siRNAs in EL4 T cells  unknown. Because ITCH and NEDD4 did not participate in
(Fig. 6B). Following P/I stimulation, siRNAs for ITCH and BCL10 degradation in B cells, we evaluated the role of cIAP1/2 in
NEDD4 alone or together delayed BCL10 degradation. Quantifi- BCL10 degradation in B cell lines using a specific cIAP1/2 antag-
cation of BCL10 from multiple experiments showed that ITCH  onist, BV6 (53), that depletes the pool of endogenous cIAP1/2
deletion delayed BCL10 degradation more efficiently than (Fig. 7). BCL10 degradation was unchanged by cIAP1/2 depletion
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FIG 7 CARMA1-dependent BCL10 degradation in B cells does not require
cIAP1/2 expression. WT DT40 cells (A) or Ramos cells expressing myc-
CARMAI1-APRD (B) were pretreated with the cIAP1/2 antagonist BV6 or
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just CHX (B) for the indicated times. WCLs were immunoblotted with the
antibodies indicated on the left. Signal intensities of BCL10 or CARMAL1 rela-
tive to ERK (A) or actin (B) are shown beneath the blots (zero time points = 1).

in either DT40 B cells stimulated with P/I (Fig. 7A) or CHX-
treated Ramos B cells expressing CARMA1-APRD (Fig. 7B), indi-
cating that cIAP1 and cIAP2 are also dispensable for BCL10 deg-
radation in B cell lines.

>

o
o
o

0.75 4 worenns

o
N
o

o
N
[6,]
Relative NF-kB-Luc activity
=¥
o

Relative NF-kB-Luc activity
o
(6]

Overexpression of TAKI1 negatively impacts CARMA1-de-
pendent NF-kB activation and reduces BCL10 expression in
293T cells. Our data indicate that TAK1 promotes BCL10 polyUb
and degradation downstream of CARMA1 and suggest that it pro-
vides a negative feedback loop during NF-kB activation. To test
this hypothesis, we evaluated the effect of TAK1 overexpression
on NF-kB-dependent reporter gene assays induced by the consti-
tutively active CARMA1-APRD in 293T cells. In parallel, we com-
pared TAKI with other serine/threonine kinases, including PKD2
and IKKp (Fig. 8A). Notably, TAK1 coexpression with CARMA1-
APRD or CARMA1-L232LI (a murine version of the L225LI mu-
tation identified in an ABC-DLBCL) (33), resulted in ~3-fold
inhibition of CARMA1-dependent NF-«kB activation. Altered
CARMAL1 expression or enhanced NF-kB consumption was un-
likely to account for this change; CARMA1 protein levels were
comparable with or without TAKI coexpression (Fig. 8A and B,
immunoblots), and coexpression of PKD2 or IKKB did not di-
minish NF-kB activation (Fig. 8A).

To determine whether TAK1 induction of BCL10 polyUb was
responsible for this reduction in NF-«kB activation, CARMA1-
dependent NF-kB activation was assessed in the presence of the
WT or AAYA forms of TAK1 (Fig. 8A, right). Cells expressing WT
TAKI inhibited NF-kB activity twice as efficiently as TAK1-AAYA
(Fig. 8A, compare bars 3 and 5); TAK1-AAYA had a nonsignifi-
cant tendency to inhibit NF-kB activation relative to cells express-
ing CARMA1-APRD alone. These data are consistent with a
model of TAK1 that, although essential for NF-kB activation
downstream of AR activation, also drives activation-induced
BCL10 polyUb and proteolysis to downmodulate NF-kB activity.
Indeed, analysis of BCL10 expression showed that CARMA1-
APRD coexpression with TAKI, but not TAK1-AAYA, reduced
BCL10 levels ~2- to 3-fold relative to cells expressing CARMA1-
APRD alone (Fig. 8B).

TAK]1 induces counterselection of DLBCL lines by promot-
ing both BCL10 degradation and JNK activation. The survival of
ABC-DLBCLs requires constitutive NF-«kB activation, while the
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FIG 8 TAKI overexpression downregulates CARMA1-dependent NF-kB activity and reduces BCL10 levels. (A) 293T cells were transfected for 48 h with
Igk2-IFN-luciferase (NF-kB reporter) and pRL-TK (transfection control) and combinations of empty vector (—) or the indicated expression vectors (labels at
the bottom of the graphs). Luciferase activity was determined as described in Materials and Methods. Bottom, WCLs were analyzed by immunoblotting for the
proteins indicated to the left or right of the blots. (B) 293T cells were cotransfected for 48 h with empty vector (—) or the indicated expression vectors (top of blots)
and were immunoblotted for BCL10, CARMA1, and TAK1 (left). Quantifications, carried out as described in Materials and Methods, are shown below the BCL10

blots. **, P> 0.01; *, P > 0.05; ns, not significant, unpaired Student’s ¢ test.
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FIG 9 TAK1 overexpression promotes cell death and counterselection of DLBCL lines. (A) The ABC-DLBCL line OCI-Ly10 and the GCB-DLBCL line OCI-Ly7
were transduced to express the secreted NF-kB-dependent GLuc reporter. Cells were analyzed for GLuc activity in culture supernatants after 0 and 4 h. —, media
only. (Band C) OCI-Ly10 and OCI-Ly7 cells were transduced with LVs (MOI, 27) expressing either HA-TAK1 2A-GFP, HA-TAK1-AAYA 2A-GFP, or GFP only
(vector). (B) To assess for counterselection, the GFP™ fraction at each time point is compared to GFP marking at day 1 (set as 100%). (C) Cell death was analyzed
atdays 3 and 9 posttransduction by DAPI incorporation into GFP™ cells and represented as fold difference over vector (setas 1). Graphs show means = SEM from
six (A) or three (B and C) independent experiments. **, P > 0.01; *, P > 0.05; ns, not significant, unpaired Student’s ¢ test. (D) OCI-Ly7 cells were transduced
with LVs expressing TAK1 2A-GFP, TAK1-AAYA 2A-GFP, or GFP only (vector). GFP™ cells were sorted at 48 h. Left, GFP expression in untransduced cells or
cells expressing TAK1, TAK1-AAYA, or GFP only (vector). Right, cells were incubated with 140 wM CHX for 0 to 6 h, and BCL10, TAK1, and actin levels were
analyzed by immunoblotting. BCL10 levels, relative to that of actin, are shown below the blots.

germ center B (GCB)-DLBCL subtype is less dependent on this
pathway for survival (54). Based on our findings that TAK1 ex-
pression downmodulates NF-kB activity downstream of
CARMAL, we hypothesized that TAK1 overexpression would im-
pact the survival of NF-kB-addicted ABC-DLBCL subtypes.
Quantification of NF-kB GLuc activity in ABC-DLBCL (OCI-
Ly10) and GCB-DLBCL (OCI-Ly7) lines (Fig. 9A) confirmed the
predominant activity of NF-«kB in OCI-Ly10 relative to OCI-Ly7
cells (~75% higher). We then compared the effect of TAK1 over-
expression in these cell lines by stable transduction with LVs ex-
pressing TAK1-WT or TAK1-AAYA, monitored by bicistronic ex-
pression of GFP. As a negative control, cells were also transduced
with LVs to express GFP alone (vector) (Fig. 9B and C). We found
that cells transduced with TAK1 lost GFP expression over time in
culture, likely due to counterselection against TAK1 expression
(Fig. 9B). In order to quantify this effect, we evaluated the fre-
quencies of TAK1-expressing cells (using GFP as a surrogate,
GFP™") and cell death by DAPI incorporation in transduced cells
using flow cytometry (Fig. 9B and C). We observed that while WT
TAK1 did not affect the frequency of GFP* OCI-Ly7 cells, it
greatly reduced GFP-expressing OCI-Ly10 cells over a 9-day time
course (Fig. 9B). To determine whether this counterselection was
due to cell death, we analyzed DAPI incorporation in GFP-ex-
pressing cells at early (day 3) and late (day 9) time points post-
transduction (Fig. 9C). While TAK1 promoted robust cell death in
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OCI-Ly10 cells, OCI-Ly7 cells were ~4-fold less affected at day 3.
By day 9, a small but significant fraction of TAK1-expressing OCI-
Ly10 cells still exhibited higher levels of cell death (3-fold over
vector). TAK1-AAYA-expressing cells paralleled the vector-only
control (Fig. 9B and C).

To test whether these TAKI effects were associated with en-
hanced BCL10 turnover, OCI-Ly7 cells were transduced with LVs
expressing TAK1-WT or TAK1-AAYA and cis-linked GFP or GFP
alone for 48 h, sorted for GFP expression, and incubated with
CHX for 0 to 6 h (Fig. 9D). Note that this experiment could not be
carried out using OCI-Ly10 cells, which were rapidly counterse-
lected as early as 24 h posttransduction. OCI-Ly7 cells expressing
TAK1-WT showed increased degradation of BCL10 relative to
cells expressing either TAK1-AAYA or GFP alone (Fig. 9D, right),
implying that TAK1 (interacting with TAB1) induces degradation
of BCL10.

Because BCL10 turnover occurs independently of TAK1 kinase
activity in Band T cell lines (Fig. 2), we predicted that TAK1 would
mediate kinase-independent BCL10 degradation in DLBCLs
(Fig. 10). Consistent with this prediction, equivalent P/I-induced
BCL10 degradation occurred with and without blockade of TAK1
activity (Fig. 10A). Interestingly, and contrary to our initial pre-
diction, overexpression of the kinase-inactive TAK1 did not pro-
mote cell death or counterselection of OCI-Ly10 cells (data not
shown), suggesting that a TAK1-kinase dependent pathway con-
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FIG 10 The kinase activity of TAK1 is dispensable for BCL10 degradation but required for counterselection of OCI-Ly10 cells. (A) OCI-Ly10 cells were pretreated with
TAKI inhibitor (20 M) and then stimulated with P/ in the presence of CHX for the indicated times. Cells were lysed, and BCL10, pJNK, actin, and ERK were analyzed
by immunoblotting. (B) Cells were transduced with LVs expressing TAK1 2A-GFP, TAK1-AAYA 2A-GFP, or GFP alone (vector). GFP™ cells were purified and
immunoblotted for pJNK, HA-tagged TAK1, and actin. (C) Cells were preincubated for 30 min with the indicated doses of JNK inhibitor or DMSO and transduced with
LVs expressing TAK1 2A-GFP or GEP only (vector). The proportion of GFP™ cells at day 2 posttransduction is displayed as the fold difference relative to that of
DMSO-treated cells. Data are means = SEM from 4 independent experiments. *, P > 0.05. (D) Cells were transduced with LV-expressing BCL10 2A-mCherry or
mCherry (vector) alone, and mCherry™ cells were sorted. Left, mCherry levels in vector only (gray), myc-BCL10 (black), and untransduced (white) cells; immunoblots
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expressing TAK1 2A-GFP. The proportion of GFP™ cells at day 2 is displayed as described for panel C.

tributes to efficient counterselection in this ABC-DLBCL line. Be-
cause AR-stimulated TAK1 also mediates JNK signaling, and JNK
activation has been linked to cell death of AR-stimulated B-lym-
phoma lines (55, 56), we hypothesized that enhanced JNK signal-
ing downstream of overexpressed TAK1 might help to explain our
observations. Indeed, transduction with TAK1-WT, but not
TAKI-AAYA or vector alone, resulted in substantial JNK phos-
phorylation in OCI-Ly10 cells (Fig. 10B). To test the role for JNK
in counterselection against TAK1 overexpression, OCI-Ly10 cells
transduced with LVs expressing TAK1 or GFP alone were treated
with a JNK inhibitor or a vehicle (dimethyl sulfoxide [DMSO])
(Fig. 10C). While JNK inhibition did not impact the proportion of
GFP™ vector-transduced cells, the inhibitor increased the propor-
tion of GFP™ TAK1-expressing cells (~2-fold), implying that, in
the absence of pharmacologic blockade, TAK1-driven JNK activa-
tion promotes counterselection.

We then sought to determine if the counterselection against
TAK1-expressing OCI-Ly10 cells was due to downstream activa-
tion of JNK alone or if a TAKI influence on BCL10 protein ex-
pression also played a role. To do so, we evaluated whether TAK1-
mediated positive selection in the presence of JNK inhibition was
potentiated by increasing the expression of BCL10 (Fig. 10D).
After OCI-Ly10 cells overexpressing BCL10 or vector alone (vec-
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tor-mCherry) had been generated, cells were transduced with LVs
expressing TAK1-WT 2A-GFP, and the proportions of GFP™ cells
in the presence or absence of JNK inhibition were evaluated
(Fig. 10D). Cells coexpressing BCL10 and TAK1 increased nearly
3-fold in the setting of JNK inhibition compared with an ~1.9-
fold increase in the absence of BCL10 coexpression (mCherry on-
ly; an impact equivalent to the TAKI expression on non-
mCherry-transduced OCI-Ly10) (Fig. 10C). These results imply
that counterselection against ABC-DLBCL cells expressing TAK1
occurs via both enhanced BCL10 turnover and JNK activation.

DISCUSSION

TAKI has an essential role in AR-dependent activation of the
NEF-kB and JNK signaling pathways in B and T cells (7, 9, 57, 58).
However, in this study, we provide evidence for an additional role
for TAK1 in this pathway as a regulator of its feedback inhibition.
We utilized genetic knockout in DT40 B cell lines to demonstrate
that CARMA1 and PKCP (upstream proteins proximal to BCL10)
were both required for BCL10 degradation, suggesting that a
downstream signaling component mediates this process. Interest-
ingly, deletion of TAKI (a kinase that phosphorylates IKK(3
downstream of BCL10) but not of IKK@ abolished BCL10 degra-
dation in DT40 B cells (Fig. 1). Although this finding agrees with
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studies showing that IKK inhibition in T cells (20) or deletion in
B cells (14) does not impact BCL10 stability, it contrasts with other
studies in Jurkat T cells showing that IKKB phosphorylates
BCL10, marking it for subsequent ubiquitination and degradation
(13, 15). TAK1 is, thus far, the most distal protein in the AR/
NE-kB signaling cascade involved in this particular feedback in-
hibition mechanism in B cells.

Surprisingly, we found that the role for TAK1 in BCL10 degrada-
tion was independent of its kinase activity (Fig. 2). This finding led us
to investigate the hypothesis that TAK1 is an adaptor for other pro-
tein(s) that mediate BCL10 degradation. We first tested whether
TAKI is an adaptor for any of the E3s with previously reported roles
in BCL10 ubiquitination (12-14) (Fig. 4). Using high-stringency cell
lysis conditions in 293T cells, we found that TAK1 (but not BCL10 or
CARMAL1) preferentially interacted with ITCH and less significantly
with NEDD4 (Fig. 4A to C). This NEDD4 family of HECT E3 ligases
was previously shown to induce BCL10 polyUb and degradation in
293T and Jurkat T cells (14).

Genetic analysis of BCL10 degradation using ITCH /" splenic
lymphocytes or siRNA knockdown of E3s revealed a partial re-
quirement for ITCH and NEDD4 in primary T cells but not in B
cells (Fig. 6). In both T lymphocytes and the EL4 T cell line, a loss
of ITCH increased the stability of BCL10 (Fig. 6A and B). NEDD4
depletion using siRNA also enhanced the stability of BCL10 in EL4 T
cells, although it did so less efficiently than ITCH. However, com-
bined depletion of ITCH and NEDD4 at levels achieved using siRNA
did not further enhance BCLI10 stability in these cells (Fig. 6B). Fur-
thermore, our observation that NF-kB activation, measured as IkBa
degradation, was comparable in WT and ITCH ™ lymphocytes sug-
gests that additional E3s must participate to control BCL10 degrada-
tion and repress NF-kB activation in primary T lymphocytes. Inter-
estingly, B lymphocytes were insensitive to ITCH, NEDD4, or
cIAP1/2 depletion, indicating that as-yet-unidentified E3s regulate
BCL10 degradation in B cells (Fig. 6 and 7).

Earlier work has implicated BCL10 site-specific phosphoryla-
tion by various enzymes as a key degradation-inducing trigger (13,
15, 17). Other work has challenged some of these conclusions (20,
22). We report here that in B cells, neither TAK1 nor IKKf kinase
activities are required for BCL10 turnover (Fig. 1 and 2). Notably,
we observed that coexpression of ITCH depleted the phospho-
BCL10 forms (Fig. 5 and 6) previously suggested to comprise its
main degradation targets in 293T cells (12). However, we also
found that nonphosphorylated BCL10 was normally degraded in
CHX-treated 293T cells and AR-stimulated Jurkat cells (Fig. 5),
suggesting that BCL10 turnover is independent of its phosphory-
lation status. This is consistent with reports showing that BCL10
turnover does not require phosphorylation (20, 22). Thus, while
distinct phosphorylation sites and/or kinases might redundantly
and/or additively participate in this process in other cell types, our
findings in 293T and T cells show that TAK1 efficiently targets
ITCH or another E3(s) to both phospho-modified and unphos-
phorylated BCL10, thereby orchestrating its turnover.

Both TAB1 and TAB2/3 are interacting partners of TAK1, and
blocking TAB1/TAKI1 interaction blocks spontaneous NF-kB ac-
tivation in 293T cells (Fig. 3B). However, previous work has sug-
gested that TAB1 is not required by TAK1 in AR-driven activation
of NF-kB in B cells (8). Instead, our results imply that TAB1 has a
role downmodulating this pathway (Fig. 3F and G). TAB1 has
been postulated to affect the conformation of TAK1 (45, 59); thus,
we hypothesize that TAB1 might control BCL10 polyUb by bring-
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ing into proximity its TAK1 binding partner and a TAK1-associ-
ated E3 complex. This hypothesis is supported by our results
showing that TAB1 knockdown delayed polyUb and degradation of
BCLI10 and increased AR-dependent NF-kB activation in fibroblasts
and Jurkat T cells (Fig. 3D and F) and by our finding that primary B
cells expressing a mutant form of TAB1, incapable of interacting with
TAKI1, exhibited delayed P/I-dependent BCLI10 turnover and in-
creased P/I-dependent JNK activation (Fig. 3G). These combined re-
sults are also consistent with a previous study (60) implying a negative
regulatory role for this adaptor in lymphocytes.

In concert with these ideas, we provide data that implicate
TAKI in negative modulation of NF-kB signals downstream of
the AR and CARMAI. Perturbation of the balance between
NE-kB activation and inhibition was also achieved by TAK1 over-
expression, which resulted in a reduction of CARMA1-dependent
NF-kB activation, in parallel with enhanced CARMA1-dependent
induction of BCL10 turnover in 293T cells (Fig. 8). These effects
required an intact TAB1 binding motif, as the TAK1-AAYA mu-
tant did not reduce NF-kB activation or enhance BCL10 turnover.
Similarly, we demonstrated that increased expression of TAK1 but
not the TAB1 binding-deficient mutant TAK-AAYA reduced the
survival of the ABC and GCB subtypes of DLBCLs and enhanced
BCL10 degradation in GCB-DLBCLs (an experiment that could
not be performed using the ABC subtype cells due to their rapid
selection against TAK1 expression), implying that increased ex-
pression of TAK1 can promote BCL10 degradation and cell death
(Fig. 9) (61). The limited effect of TAK1 observed in the GCB-
DLBCL subtype (OCI-Ly7) is likely due to the ability of these cells
to survive independently of NF-kB signals (54, 62). In contrast,
the ABC-DLBCL cells (OCI-Ly10), which depend on NF-«B for
survival, are susceptible to increased dosages of TAK1 (Fig. 9).

Interestingly, our data indicate that the counterselection
against TAKI-expressing OCI-Ly10 cells occurs via two down-
stream signals of TAKI: increased JNK activation and BCL10
turnover. While the kinase activity of TAK1 was not required to
promote BCL10 degradation (Fig. 10A), its enzymatic function
was important for robust negative selection. TAK1 overexpression
promoted JNK phosphorylation and pharmacologic inhibition of
JNK-reversed counterselection in this DLBCL model (Fig. 10).
Indeed, counterselection of overexpressed TAK1 was converted to
positive selection in the setting of JNK inhibition, and this process
was further augmented by increased BCL10 expression (Fig. 10B
to D). These observations suggest that while basal JNK signals
might be important for growth of B cell ymphomas, including the
ABC- and GCB-DLBCL lines (63), increased activation of JNK,
induced by TAK1 overexpression, achieves a threshold that pro-
motes proapoptotic signals. Taken together, our data suggest that
altering TAK1 dosage modulates survival of ABC-DLBCLs by dual
proapoptotic signals, including kinase-dependent JNK activation
and kinase-independent degradation of BCL10.

In summary, we propose a working model for the role of TAK1
in controlling the CBM signaling cascade (Fig. 11). AR-dependent
proximal signals lead to the activation of PKC isoforms, which
leads to direct phosphorylation of CARMA1 (26, 64), and this
drives conformational changes required for the recruitment of
BCL10 and MALTI (3, 5). The CBM complex then recruits and
activates the TAK1/TAB2/TAB3 complex, which, in turn, phos-
phorylates both IKKB and MKK family members (likely MKK4/7)
to initiate NF-kB and AP1 transcriptional activation, respectively.
In parallel, TAK1 (specifically in association with TAB1) modu-
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PKCs then phosphorylate the PKC-regulated domain (PRD) of CARMAL, causing conformational changes that allow its interaction with BCL10/MALT]1, forming the
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TAKI1 also downmodulates CBM activity by interacting specifically with TAB1 and recruiting E3 ubiquitin ligases that function to ubiquitinate and target BCL10 for

degradation (right).

lates the extent of cell activation by recruiting E3 ligases (including
ITCH in T cells), shuttling them into close proximity for BCL10
ubiquitination, a process not restricted to but likely facilitated by
site-specific BCL10 phosphorylation. As a whole, our data show
for the first time that TAK1 exerts negative regulatory feedback in
lymphocyte signaling as it adapts the machinery necessary to
polyUb and degrade BCL10, downregulating CBM activity.
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