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B-cell CLL/lymphoma 10 (BCL10), the caspase recruitment
domain (CARD)-containing protein involved in the etiology of
the mucosa-associated lymphoid tissue (MALT) lymphomas,
has been implicated in inflammatory processes in epithelial
cells, as well as in immune cells. Experiments in this report indi-
cate that BCL10 is required for activation of nuclear factor
(NF)-�B by both canonical and noncanonical pathways, follow-
ing stimulation by the sulfated polysaccharide carrageenan
(CGN). In wild type and I�B-kinase (IKK)��/� mouse embry-
onic fibroblasts, increases in phospho-I�B�, nuclearNF-�Bp65
(RelA) and p50, and KC, the mouse analog of human interleu-
kin-8, were markedly reduced by silencing BCL10 or by expo-
sure to the free radical scavenger Tempol. In IKK��/� cells,
BCL10 silencing, but not Tempol, reduced the CGN-induced
increases in KC, phospho-NF-�B-inducing kinase (NIK), cyto-
plasmicNF-�Bp100, and nuclearNF-�Bp52 andRelB, suggest-
ing a BCL10 requirement for activation of the noncanonical
pathway. InNCM460cells, derived fromnormal, humancolonic
epithelium, the CGN-induced increases in NF-�B family mem-
bers, p65, p50, p52, and RelB, were inhibited by BCL10 silenc-
ing. Although enzyme-linked immunosorbent assay and confo-
cal images demonstrated no change in totalNIK followingCGN,
increases in phospho-NIK in the wild type, IKK��/� and
IKK��/� cells were inhibited by silencing BCL10. These find-
ings indicate an upstream signaling role for BCL10, in addition
to its effects on IKK�, the regulatory component of the IKK
signalosome, and a requirement for BCL10 in both canonical
and noncanonical pathways of NF-�B activation. Also, the com-
monly used food additive carrageenan can be added to the short
list of known activators of both pathways.

The importance of activation of B-cell lymphoma/CLL 10
(BCL10)2 has been recognized previously in the mucosa-asso-

ciated lymphoid tissue (MALT) lymphomas, in which translo-
cations involving MALT1 lead to constitutive activation of
BCL10 and NF-�B transcription (1, 2). Other reports have
defined a critical role for BCL10 in the inflammatory cascade in
epithelial cells, including activation by lysophosphatidic acid
(3), G-protein-coupled receptor (4), and angiotensin II (5). In
this report, we demonstrate that BCL10 was required for
NF-�B activation by both canonical and noncanonical path-
ways, following stimulation by the sulfated polysaccharide car-
rageenan (CGN) inmouse embryonic fibroblasts and in human
colonic epithelial cells. Previously, we reported that CGN sig-
nificantly up-regulated transcription of BCL10 in NCM460
cells (6, 7).
The sulfated polysaccharide carrageenan has been widely

used for decades to induce inflammation in animal and tissue
culture models. In our previous work, CGN was shown to
induce an inflammatory cascade in human colonic epithelial
cells by two distinct mechanisms: an immune-mediated mech-
anism involvingTLR4 (toll-like receptor 4), IRAK (IL-1� recep-
tor activating kinase), BCL10, phospho-I�B� (inhibitor of �B),
NF-�B (nuclear factor �B), and IL-8 (interleukin-8); and a reac-
tive oxygen species (ROS)-mediated mechanism involving
phospho-Hsp27, I�B kinase (IKK)-�, phospho-I�B�, BCL10,
NF-�B, and IL-8 (6–9). Carrageenan activation of these path-
ways was attributable to its distinctive chemical structure,
including its resemblance to the naturally occurring glycos-
aminoglycans, its highly sulfated galactose residues, and its
unusual �-Gal(133)Gal bond that is a known immune epitope
(10, 11). Because CGN is a commonly used food additive in the
Western diet, these pathways may induce inflammation and
disease in the human colon and implicate a role for BCL10 in
human disease, in addition to the MALT lymphomas.
To further define the BCL10-mediated activation of NF-�B

and the interactions between the ROS and TLR4-BCL10 path-
ways, the requirements for different components of the IKK
signaling complex and the responses of different members of
the NF-�B family were investigated. The IKK signaling com-
plex, including the catalytic components IKK� and IKK� and
the regulatory component IKK�, also known as NEMO (NF-�B
essential modifying factor), integrates upstream signals and
leads to the phosphorylation of I�B�. Subsequently, phospho-
I�B� is ubiquitinated, and the localization signal for NF-�B
nuclear translocation is exposed. These events represent criti-
cal signals in the progression of the inflammatory cascade from
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a series of membrane events to a cellular reaction with tran-
scriptional responses. To clarify the role of BCL10 with differ-
ent components of the IKK signalosome and the subsequent
effects on members of the NF-�B family, experiments with
mouse embryonic fibroblasts that lack either IKK� or IKK�
were performed, and the inter-relationships among BCL10,
phospho-NIK, and NF-�B family members, including p65,
p100, p50, p52, RelB, and c-Rel, were determined.

EXPERIMENTAL PROCEDURES

NCM460 Cells and Mouse Embryonic Fibroblasts in Tissue
Culture—NCM460 is a nontransfected human colonic epithe-
lial cell line that was derived from the normal colonicmucosa of
a 68-year-old Hispanic male (12). NCM460 cells were grown in
M3:10TMmedia (INCELL, SanAntonio, TX) andmaintained at
37 °C in a humidified, 5% CO2 environment with media
changes at 2-day intervals. Confluent cells were harvested by
trypsinization, and subcultured inmultiwell tissue culture clus-
ters (Costar). Cells were treated with �-carrageenan (CGN) 1
�g/ml (Sigma-Aldrich), for 1–24 h, and spent media were col-
lected from control and treated wells and stored at �80 °C.
Cells were harvested by scraping. Total cell protein was mea-
sured by BCATM protein assay kit (Pierce), using bovine serum
albumin as standard.
Mouse embryonic fibroblasts, including wild type (WT),

IKK��/�, and IKK��/� were a generous gift from the labora-
tory of Dr. Michael Karin (University of California, San Diego).
These cell lines were obtained from transgenic mice in which
IKK� and IKK� geneswere deleted and homozygousmicewere
bred (13, 14). Cells were grown in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and treated as indicated
above.
Superoxide Scavenger Tempol—The superoxide scaven-

ger Tempol (4-hydroxy-2,2,6,6-tetramethyolpiperidinyloxy;
Axxora, San Diego, CA) was used to inhibit the effects of free
oxygen radicals generated by CGN. Tempol was used at a con-
centration of 100 nM and coadministered with CGN (1 �g/ml)
for 24 h as described previously (8).
ELISAs for Measurement of Secreted IL-8 and KC and of Cel-

lular BCL10 and Phospho-I�B�—The secretion of IL-8 in the
spent medium of control and treated NCM460 cells was mea-
sured using the DuoSet ELISA kit for human IL-8 (R&D Sys-
tems, Minneapolis, MN), as described previously (9).
KC, the mouse homolog of IL-8, was measured by ELISA

(R&D Systems) in spent medium, and the results were com-
pared with standards. The sample values were normalized with
the total cell protein concentrations determined by BCATM

Protein assay kit (Pierce), and KC values were expressed as
pg/mg protein.
Expression of BCL10 protein in control and CGN-treated

NCM460 cells was determined by a solid-phase ELISA, previ-
ously developed by our laboratory for quantitative determina-
tion of BCL10 (15). Control or treated cells were lysed in RIPA
buffer (50 mM Tris containing 0.15 M NaCl, 1% Nonidet P-40,
0.5% deoxycholic acid, and 0.1% SDS, pH 7.4), and the cell
extracts were stored at �80 °C until assayed, using ELISA as
reported previously (16).

Phospho-I�B� was determined using an ELISA assay in
NCM460 cells and in mouse embryonic fibroblasts, including
WT, IKK��/�, and IKK��/� cells, as described previously (6).
I�B� phosphorylated at Ser32 was detected by the PathScan�
Sandwich ELISA kit (Cell Signaling), which is a solid-phase
sandwich ELISA with a mouse monoclonal antibody against
I�B� coated onto the microwells of a 96-well plate.
FACE Assays for NIK and Phospho-NIK—Total and phos-

pho-NIK in control and treated human cell samples were mea-
sured by a fast-activated cell-based (FACE) ELISA (Active
Motif) (17) using a primary goat antibody for NIK (sc-7211;
Santa Cruz Biotechnology, Santa Cruz, CA) against the epitope
700-947 and phospho-NIK (sc-12957; SCBT) that recognized
Thr559. Measurements of optical density were compared
between control and treated samples.
FACE Assays for BCL10 and Phospho-BCL10—Specific anti-

body for phospho-BCL10 (Ser 138; SCBT) and BCL10 antibody
(QED Biosciences Inc., San Diego, CA; epitope AA 5–19) were
used to detect the content of phospho-BCL10 (Ser138) and total
BCL10 present in the NCM460 cells following exposure to
�CGN (1 �g/ml for 24 h) and to compare with untreated con-
trol cells.
Determinations of NF-�Bp65, p50, p52, RelB, c-Rel, and p100—

Nuclear extracts were prepared from treated and control
NCM460 cells as described previously, using a nuclear extrac-
tion kit (Active Motif, Carlsbad, CA). Activated NF-�B family
members in the samples were determined by oligonucleotide-
based ELISA (Active Motif). The specificity of the binding of
NF-�B of the samples with the coated nucleotide sequence was
determined by comparison to the control binding, determined
by adding either free consensus nucleotide (5�-AGTTGAGGG-
GACTTTCCCAGGC-3�) or mutated nucleotide (5�-AGTT-
GAGGCCACTTTCCCAGGC-3�) to the reaction buffer, as
described previously (17). The sample values were normalized
with the total cell protein determined by protein assay kit
(Pierce).
Co-immunoprecipitation of IKK� with BCL10 and Ubiquitin—

Cells treated with vehicle or carrageenan (1 �g/ml) for 24 h
were washed in cold phosphate-buffered saline and lysed in a
lysis buffer (20mMTris, pH7.5, 150mMNaCl, 1%TritonX-100,
1 mMNa2EDTA, 1mM EGTA, 1% Triton, 2.5 mM sodium pyro-
phosphate, 1 mM �-glycerophosphate, 1 mM Na3VO4, 1 �g/ml
leupeptin) (Cell Signaling). The cell lysates were precleared
with protein A/G plus-agarose (Santa Cruz Biotechnology) and
then incubated with anti-ubiquitin antibody (SCBT) at 4 °C for
16 h, followed by incubation with protein A/G plus-agarose for
5 h. Parallel control experiments were performed by incubating
the precleared cell lysate with normal rabbit IgG followed by
incubation with protein A/G plus-agarose. The agarose beads
were collected by centrifugation, washed four times with lysis
buffer and heated to 95 °C for 5 min after adding Laemmli
buffer. For the immunoblots, the resulting immunoprecipitates
or the proteins in the nuclear extracts or in thewhole cell lysates
were separated by SDS-PAGE, transferred onto nitrocellulose
membranes (Amersham Biosciences), and probed with the
indicated human or mouse antibodies (anti-IKK�, anti-ubiq-
uitin, anti-NF-�B p100, or anti-BCL10; SCBT) and the immu-
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noreactive bands were visualized using enhanced chemilumi-
nescence (Amersham Biosciences).
Confocal Microscopy of Phospho-NIK in NCM460 Cells—

NCM460 cells were grown in compartment slides for 24 h until
50% confluent. Then, cells were
treated with either control small
interfering RNA (siRNA), BCL10
siRNA, or control IgG2� antibody.
After 24 h, test cells were exposed to
�CGN (1 �g/ml) for 24 h. Methods
for staining and examination of cells
by confocal microscopy were
described previously (9). Cells were
washed once in 1� phosphate-buff-
ered saline containing 1mMcalcium
chloride, pH 7.4, fixed for 1.5 h with
2% paraformaldehyde, and then
permeabilized with 0.08% saponin.
Preparations were washed with
phosphate-buffered saline, blocked in
5% normal goat serum, incubated
overnight with NIK or phospho-NIK
antibody at 4 °C, and then washed
and stained with either Alexa
Fluor� 568 donkey anti-goat or
goat-anti-rabbit IgG (H�L)
(1:100, Invitrogen). Cells were
exposed for 1 h to Alexa Fluor�
488 phalloidin (Invitrogen) di-
luted 1:40 to stain actin and cover-
slipped using 4�,6-diamidino-2-
phenylindole-mounting medium
(Vectashield�, Vector Laboratories,
Inc., Burlingame, CA) for nuclear
staining. Preparations were washed
thoroughly, mounted, and observed
using a Zeiss LSM 510 laser scan-
ning confocal microscope equipped
with excitation at 488 and 534 nm
from an Ar/Kr laser and at 361 nm
from a UV laser. Green and red
fluorescence were detected
through LP505 and 585 filters. The
fluorochromes were scanned
sequentially, and the collected
images were exported with Zeiss
LSM Image Browser software as
TIFF files for analysis and
reproduction.
Silencing of BCL10 mRNA

Expression—Silencing BCL10 was
performed as described previously
(6, 16). Effectiveness of BCL10
silencing in the NCM460 cells and
the MEF was determined by BCL10
ELISA, following exposure to
BCL10 siRNA for 24 h. In the
NCM460 cells, silencing reduced

baseline BCL10 protein by �82% (from 1.30 (�0.07) to 0.24
(�0.02) ng/mg protein). Bcl10 was reduced by �81% in the
WT MEF cells, but precise quantification was not possible
due to a lack of mouse recombinant Bcl10.
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Statistical Analysis—Unless stated otherwise, statistical sig-
nificance was determined by one-way analysis of variance, fol-
lowed by post hocTukey-Kramer test formultiple comparisons
using Instat software. Measurements are the mean of at least
three independent biological experiments with technical repli-
cates� S.D. A p value�0.05 was considered statistically signif-
icant. One asterisk indicates statistical significance at the
0.01 � p � 0.05 level, two asterisks 0.001 � p � 0.01, and three
asterisks, p � 0.001. Error bars designate S.D.

RESULTS

BCL10 Silencing Reduced In-
creases of KC in WT, IKK��/�, and
IKK��/� MEFs—Silencing BCL10
reduced the increases in KC that
followed exposure to �CGN (1
�g/ml � 24 h) in the MEF cells,
including WT (Fig. 1A), IKK��/�

(B), and IKK��/� (C). The ROS
inhibitor Tempol also reduced the
increase in KC in the IKK��/�

(IKK�-containing) cells, but not in
the IKK��/� (IKK�-containing)
cells. The combination of BCL10
silencing and Tempol completely
inhibited the increase in KC in the
WT and IKK��/� cells. KC in-
creased by �1.78 ng/mg protein in
the WT cells, �1.09 ng/mg protein
in the IKK��/� cells, and least
(�0.50 ng/mg protein) in the
IKK��/� cells, following CGN
exposure.
Differences in BCL10 Protein Ex-

pression in the IKK��/� and
IKK��/� Cells—At baseline in the
WT MEF, BCL10 cellular concen-
trationwas 2.05 (�0.17) ng/mg pro-
tein, increasing to 4.85 (�0.11)
ng/mg protein following exposure
to �CGN 1 �g/ml for 24 h (data not
shown). In IKK��/� cells following
CGN exposure, BCL10 increased
from 1.59 (�0.09) ng/mg protein to
3.78 (�0.33) ng/mg protein. In the
IKK��/� cells, BCL10 increased
from 1.74 (�0.18) ng/mg protein to
4.22 (�0.59) ng/mg protein follow-
ing CGN. These results demon-
strate �2–3-fold increases in
BCL10 protein expression following
CGN exposure, and the response

occurred in both IKK� and IKK� cells, as well as the WT cells.
BCL10 Silencing Has Differential Effects on NF-�B Family

Members in IKK��/� and IKK��/� Cells—NF-�B compo-
nents include p65 (RelA), RelB, and c-Rel, which have a
transactivating domain, and p50 and p52, which are prod-
ucts of proteasomal degradation of p105 and p100, respec-
tively. In the IKK��/� and WT MEF cells, BCL10 silencing
markedly reduced the CGN-induced increases in p100, as

FIGURE 1. KC increase in MEF cells is inhibited by Tempol in WT and IKK��/� cells, but not in the absence of IKK�. A, KC, the mouse homolog of IL-8,
increased in the WT MEF cells after exposure to CGN. This increase was reduced by either combined exposure with the free radical scavenger Tempol (100 nM

for 24 h) or silencing by BCL10 siRNA. The combination of Tempol and BCL10 silencing completely inhibited the increase in KC (p � 0.001). B, similar responses
occurred in the IKK��/� cells (p � 0.001). C, in contrast, in the IKK��/� cells, Tempol had no effect on KC secretion, demonstrating that the IKK�-mediated
pathway is independent of ROS, but requires BCL10. All figures are based on at least three biological replicates with technical duplicates of each measurement.
***, p � 0.001. si, small interfering RNA; con, control.

FIGURE 2. NF-�B family members are affected differently by CGN exposure in the IKK��/� and IKK��/�

cells. A, Western blot for p100 in MEF cells demonstrates no increase in the IKK��/� cells, in contrast to changes
in the IKK��/� and WT cells, in which p100 increases following CGN exposure and then declines following
BCL10 silencing. Densitometric measurements demonstrate significant increases following CGN (p � 0.001)
and significant declines when BCL10 was silenced (p � 0.001) in the WT and IKK��/� MEF cells, but not in
the IKK��/� MEF cells. B, in the WT cells, CGN exposure leads to significant increases in p65, p50, p52, and RelB,
which are inhibited by BCL10 silencing (p � 0.001). C, in the IKK��/� cells, no increases in p52 or RelB occur. The
increases in p65 and p50 are significant and are reduced when BCL10 is silenced (p � 0.001). D, in the IKK��/�

cells, no increases in p65 or p50 occur, and the increases in p52 and RelB are inhibited when BCL10 is silenced
(p � 0.001). E, in the NCM460 cells, CGN exposure induced increases in p65, p50, p52, and RelB, but not c-Rel.
These increases were inhibited when BCL10 was silenced (p � 0.001). Hence, silencing BCL10 consistently
reduces the CGN-induced increases in NF-�B components.
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detected by Western blot and by densitometry (Fig. 2A).
Consistent with this, the CGN-induced increases of nuclear
p52 shown by ELISA in the WT and IKK��/� cells declined
when BCL10 was silenced, but with no change in the
IKK��/� cells (Fig. 2, B–D).

In the WT MEF cells, CGN exposure produced significant
increases in p65, p50, p52, and RelB (Fig. 2B). In the IKK��/�

cells, p52 and RelB did not increase (Fig. 2C), and in the
IKK��/� cells, p65 and p50 did not increase (D). BCL10 silenc-
ing completely reduced the increases in p52 and RelB and sig-
nificantly reduced the declines in p65 and p50.
In NCM460 cells, CGN exposure produced increases in p65,

p50, p52, RelB, but not c-Rel. Again, BCL10 silencing com-

pletely abrogated the increases in
p52 and RelB and significantly
reduced the increases in p65 and
p50 (Fig. 2E). BCL10 silencing had
no effect on c-Rel.
CGN Exposure Increases and

BCL10 Silencing Reduces Phospho-
I�B� inWT and IKK��/� Cells, but
Not in IKK��/� Cells—When WT
(Fig. 3A) or IKK��/� (B) cells, were
exposed to CGN, phospho-I�B�
production increased to 2.6 times
the baseline. These increases were
reduced by Tempol or by BCL10
silencing, and completely inhibited
by their combination. In the
IKK��/� cells (Fig. 3C), phospho-
I�B� did not increase following
CGN exposure. These results are
consistent with CGN induction
through IKK� of a phospho-I�B�
independent pathway of NF-�B
activation.
BCL10 Required for CGN-in-

duced Increases in Phospho-NIK in
MEF and NCM460 Cells—In the
MEF and NCM460 cells, no signifi-
cant changes in total NIK followed
CGN treatment (Fig. 4,A–D). How-
ever, following CGN, phospho-NIK,
increased in theWT (Fig. 4A) to 2.5�
the baseline, in IKK��/� to 3.1� the
baseline (B), in the IKKB�/� (C) cells
to 2.3� the baseline and in the
NCM460 cells to 2.2� the baseline
(D), as measured by the FACE assay.
BCL10 silencing blocked these
increases, demonstrating a require-
ment for BCL10 to phosphorylate
NIK following CGN exposure.
Increased Phospho-BCL10 (Ser138)

following CGN in NCM460 Cells—
CGN exposure produced a 4-fold
increase (n � 6, p � 0.001) in phos-
pho(Ser138)-BCL10, compared with

baseline in the NCM460 cells, when measured by FACE assay.
Because BCL10 was required for NIK phosphorylation, the
findings suggest that activation of BCL10 by phosphorylation
preceded NIK phosphorylation and was independent of IKK�
and IKK� in these experiments. In contrast, tumor necrosis
factor-�-induced NIK phosphorylation was found to be inde-
pendent of BCL10 (data not shown).
Images by confocal microscopy of total NIK (Fig. 5,A–F) and

phospho-NIK (G–M) in NCM460 cells support the finding that
CGN-induced NIK phosphorylation is dependent on BCL10.
Total NIK images demonstrate diffuse cytoplasmic, as well as
membrane localization of NIK in the untreated control (Fig. 5,
A–B). Staining intensity did not increase following CGN either

FIGURE 3. Differential increases in phospho-I�B� in the MEF IKK��/� and ��/� cells. A, in the MEF WT cells,
the CGN-induced increases in phospho-I�B� were reduced by Tempol and by BCL10 silencing (p � 0.001).
B, results were similar in the IKK��/� cells (p � 0.001). C, in contrast, in the IKK��/� cells, phospho-I�B� did not
increase following CGN exposure.
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in the presence of control siRNA (Fig. 5,C–D) or BCL10 siRNA
(E–F). An increase in membrane-associated NIK staining is
seen following CGN with control siRNA, but not with BCL10
siRNA treatment. When fluorescent immunostaining with
phospho-NIK was performed and confocal images were
acquired, no phospho-NIK was seen in the untreated control
(Fig. 5, G–H) or following BCL10 siRNA (K–L), in contrast to
the appearance following CGN exposure in the presence of
control siRNA (I–J). The presence of cell membrane-associated
phospho-NIK is demonstrated in the z-stack images (Fig. 5M),
in which phospho-NIK immunostaining appeared only along
the outer membrane of NCM460 cells and did not penetrate to
the interior of the cells.
IKK� Co-immunoprecipitated with BCL10 and IKK� Ubiq-

uitination Increased following CGN inNCM460Cells—Follow-
ing NCM460 cell treatment with CGN, immunoprecipita-
tion with ubiquitin and Western blot with IKK� were
performed. Increase in ubiquitinated IKK� was apparent,
with increased density of the higher molecular mass band
and reduction in density of the baseline IKK� band (Fig. 6A).
Also, IKK� co-immunoprecipitated with BCL10 in the
NCM460 cells, and the BCL10 that co-immunoprecipitated
with the IKK� increased in response to CGN (Fig. 6B). These
findings demonstrate that in addition to the observed effects
of BCL10 and CGN on the catalytic components IKK� and
IKK� of the IKK signalosome, there is also an impact on the
ubiquitination of IKK�, the regulatory component of the
IKK signalosome.

DISCUSSION

BCL10 emerges as an importantmediator of both the canon-
ical and noncanonical pathways ofNF-�B activation stimulated
by CGN in NCM460 cells and MEF (Fig. 7). BCL10 was
increased by CGN in both IKK��/� and IKK��/� MEF, and
BCL10 silencing by siRNA reducedCGN-induced stimulation of
p65, p50, p100, p52, andRelB inMEF andNCM460 cells. These
effects implicate BCL10 in the inflammatory cascade beyond
its interaction with IKK� and emphasize that BCL10 has a
key role as a mediator of the innate immune response in
epithelial, as well as its more established role in immune cells
(18, 19).
Unexpectedly, the studies presented in this report revealed

that CGN stimulated both the noncanonical, as well as the
canonical pathway of NF-�B activation and that BCL10 was
required for these effects upstream of the IKK signalosome.
CGN joins the small group of known mediators of both the
noncanonical and canonical pathways that includes lympho-
toxin and B-cell activating factor (20, 21).

FIGURE 4. CGN-induced increases in phospho-NIK are inhibited by BCL10
silencing. Phospho-NIK and total NIK were measured by FACE assay using
antibodies for phospho-NIK (Thr559) and total NIK. A, in the MEF cells, no
changes in total NIK followed CGN treatment. Following CGN, phospho-NIK
increased significantly in the WT cells (p � 0.001). The CGN-induced increases
in phospho-NIK were inhibited by BCL10 silencing. B, similar effects were
found in the IKK��/� cells (p � 0.001 for phospho-NIK increase). C, in the
IKKB�/� cells, similar responses were detected (p � 0.001 for phospho-NIK
increase). D, similarly, in the NCM460 cells, CGN produced an increase of
�11% in phospho-NIK (p � 0.001). These findings demonstrate a require-
ment for BCL10 for the phosphorylation of NIK following CGN exposure.
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By induction of both the canonical and noncanonical pathways
of NF-�B activation, BCL10 and CGN are positioned to influence
a wide range of NF-�B transcriptional effects. The p52/RelB het-
erodimer appears to bind to a broader spectrum of �B sites than
the p50/RelA heterodimer and may even bind to a modified con-
sensus sequence (22–24). By activation of the noncanonical path-
way, CGN and BCL10 may evoke responses similar to those of
tumor necrosis factor-�, as well as those elicited by inflammatory

mediators such as dextran sulfate sodium that act through ROS
(17).
The complexity of the negative feedback onNF-�B, involving

mediators such as I�B�, as well as I�B-�, -�, and -	, may include
stimulus specific responses and different, but specified kinetic
rate constants (25–28). Also, the protein content of RelB was
reported to be significantly reduced when p105 and p100 were
absent, suggesting that the noncanonical pathway may be

FIGURE 5. Confocal images of total NIK and phospho-NIK in the NCM460 cells. In the images of total NIK (A–F) and phospho-NIK (G–L) actin is stained green,
DNA is stained blue, and NIK or phospho-NIK is stained red by fluorescent dyes, as described under “Experimental Procedures.” A and B, total NIK was stained
in the control cells. C and D, total NIK staining after CGN exposure was increased along the cell surface. E and F, following BCL10 silencing, total NIK staining
resembled the distribution seen in the control cells. G and H, no staining for phospho-NIK was seen in the control cells. I and J, following CGN exposure,
phospho-NIK staining was evident along the outer cell membrane. K and L, following BCL10 silencing and CGN exposure, no staining for phospho-NIK was
evident. M, the z-stack confocal image confirms that the phospho-NIK is localized along the cell membrane (x-z and y-z projections).

BCL10 Needed for NF-�B Canonical and Noncanonical Pathways

528 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 1 • JANUARY 1, 2010



affected by intricate protein-protein relationships that exist
amongNF-�B components, as well as by transcriptional events.
The interaction of these regulatory mechanisms with BCL10
poses an additional series of mechanistic interactions that
require further investigation.
The study findings demonstrated an increase in phospho-

NIK following stimulation by CGN and showed localization of
phospho-NIK to the outer cell membrane. BCL10 silencing
inhibited the CGN-induced effects on phospho-NIK. These
data challenge some previous observations about NIK activa-
tion, because previously, the LPS-activated TLR-mediated
pathway was not associated with NIK (29), and we have found
that the TLR4-BCL10 mediated pathway resembles the CGN-
activated pathway (16). The data demonstrated that BCL10
silencing inhibited the increase in phospho-NIK, consistent
with a vital role for BCL10 in the IKK�-mediated pathway,
although the role of phospho-NIK in the IKK�-mediated path-
way remains obscure.
The translocation of phospho-NIK to the outer cell mem-

brane was unexpected but resembles changes shown upon acti-
vation of other molecules, including the catalytic subunit of
(Na� � K�)-ATPase and sphingosine kinase (SphK1) (30, 31).
SphK1 translocation to the plasmamembrane from the cytosol
involved activation of G(q)-coupled receptors, stimulation by
platelet-derived growth factor, nerve growth factor, insulin-like
growth factor, tumor necrosis factor-�, IgE, lysophosphatidic
acid, or methacholine, and phosphorylation of Ser225. The phe-
nomenon of “signaling inside out” has been associated with the
SphK1 translocation, leading to the secretion of sphingosine-1-
phosphate with subsequent cross-activation of sphingosine-1-
phosphate G-protein-coupled receptors. No evidence exists at
this time for involvement of G-protein-coupled receptor sig-
naling or altered signaling dynamic of pNIK, although the
SphK1 paradigm is provocative in consideration of how a local-
ized stimulus can propagate. Altered cellular localization of
pNIK following activation of NIK was observed previously in
renal tubular cells from tissue preparations in models of ische-
mia-reperfusion (32). The distinct localization along the outer
surface of the cells is attributable to the large size of the carra-
geenanmolecule, limiting its direct effect to cells on the surface,
as noted previously with the CGN-TLR4 interaction (9).
Vital questions remain regarding BCL10 interactions with

other known mediators of inflammatory mechanisms in both
immune and nonimmune cells. The CBM complex, comprised
of Carma1 (CARD 11) or Carma3 (CARD 10), BCL10, and
MALT1, has been identified as critical to propagation of the
inflammatory stimulation, yet the precise mechanism of the
CARD-CARD interaction between CARMA and BCL10 and
the relationship toMALT1 and othermediators require further
elucidation of the precise protein-protein interactions in-
volved. In addition, other important mediators of the inflam-
matory cascade(s), including TRAFs 2, 3, 4, and 6, TAB1 and 2,
as well as RIP, are intimately involved in the cellular inflamma-
tory response, yet their activating or regulating functions with
regard to BCL10 require further investigation. Interestingly,
BCL10 silencing does not inhibit the effects of tumor necrosis
factor-� (15), implying that there may be multiple upstream
mechanisms bywhichNIK is activated prior to interactionwith

FIGURE 6. CGN increases IKK� ubiquitination, and IKK� co-immunopre-
cipitates with BCL10 in NCM460 cells. A, following exposure to CGN in
the NCM460 cells, ubiquitination of IKK� increased, as demonstrated in a
representative Western blot (WB), following immunoprecipitation (IP) with
ubiquitin and immunoblotting with IKK�. B, IKK� co-immunoprecipitated with
BCL10, and following CGN exposure, there was marked increase in the BCL10 associ-
ated with IKK�. Cn, control.

FIGURE 7. Schematic of overall pathways of IL-8 activation by CGN in
NCM460 cells. Carrageenan activates two major pathways of IL-8 activa-
tion: the TLR4-BCL10 pathway and the ROS-Hsp27 mediated pathway.
These converge at the level of the IKK signalosome, in which effects on
IKK�, -�, and -� are integrated. Subsequently, in the NCM460 cells, mem-
bers of the NF-�B family are activated, including p65 (RelA), p50, p100,
p52, and RelB. The activation of phospho-NIK was repressed by BCL10
silencing. IRAK, interleukin-1 receptor-associated kinase; ubc, ubiquitin c;
p, phosphorylated.
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IKK�. This combination of specificity and redundancy is con-
sistent with a somewhat limited repertoire of cellular inflam-
matory responses to a more unlimited variety of extracellular
stimuli that are integrated at the level of the IKK signalosome.
Recent findings in our lab indicate that the BCL10 promoter

contains a sequence that has a very high score (	90%) for like-
lihood as an NF-�B binding site (33). This suggests the possi-
bility that CGN may induce the constitutive activation of a
BCL10/NF-�B loop, in which increases in BCL10 lead to
increases in NF-�B and increases in NF-�B lead to increases in
BCL10. This may lead to an ongoing cycle of inflammation,
perhaps autonomous once initiated. Previously, in the MALT
lymphomas, constitutive activation of NF-�B arose following
chromosomal translocations that affected BCL10 (1, 2). In the
setting of exogenous stimulation by CGN, it is possible that
constitutive activation of NF-�B and BCL10 follows stimula-
tion due to specific characteristics of the CGN related to its
chemical structure, rather than to effects of a specific activating
translocation.
Recent publications demonstrate intense interest in the

CBM complex in epithelial and endothelial, as well as immune
cells (34–38), and increased attention to BCL10 and other
CARD proteins may lead to enhanced understanding of these
important inflammatory mechanisms. Also, because CGN has
been so widely incorporated into a variety of foods in theWest-
ern diet, exposure to CGN may have a role in human disease,
involving activation of inflammation through the BCL10-medi-
ated pathways.
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