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Impaired regulation of NF-xkB and
Increased susceptibility to colitis-associated
tumorigenesis in CYLD-deficient mice
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Cylindromatosis (CYLD) is a deubiquitinating enzyme that is altered in patients with familial cylindromatosis,
a condition characterized by numerous benign adnexal tumors. However, the regulatory function of CYLD
remains unsettled. Here we show that the development of B cells, T cells, and myeloid cells was unaffected
in CYLD-deficient mice, but that the activation of these cells with mediators of innate and adaptive immu-
nity resulted in enhanced NF-kB and JNK activity associated with increased TNF receptor-associated factor 2
(TRAF2) and NF-kB essential modulator (NEMO) ubiquitination. CYLD-deficient mice were more suscep-
tible to induced colonic inflammation and showed a dramatic increase in the incidence of tumors compared
with controls in a colitis-associated cancer model. These results suggest that CYLD limits inflammation and

tumorigenesis by regulating ubiquitination in vivo.

Introduction

Cylindromatosis (CYLD) is a ubiquitin-carboxyterminal hydrolase
of the ovarian tumor family, which consists of enzymes that disas-
semble lysine 63-linked (K63-linked) polyubiquitin chains from var-
ious cellular proteins (1-4). Alterations in CYLD were first identified
in patients with familial cylindromatosis, a disease characterized by
numerous tumors of hair follicles and sweat glands of the head and
neck (5). Genetic analysis of these skin tumors revealed that cylin-
dromatosis patients have an inherited mutated CYLD allele and an
acquired somatic mutation in the wild-type allele (6-8). The major-
ity of mutations lead to truncated proteins that are missing the
ubiquitin hydrolase domain (6).

CYLD is expressed in multiple tissues, but its precise biological
function remains uncertain (9-11). Results of in vitro transfection
studies suggest that CYLD downregulates NF-kB activity by the
proteolysis of K63-linked ubiquitin from proximal NF-xB signal-
ing constituents such as TNF receptor-associated factor 2 (TRAF2),
TRAF6, and NF-kB essential modulator (NEMO; also referred to as
IKKYy) (1-3). However, to our knowledge a direct interaction between
CYLD and NEMO or the TRAFs has not previously been demon-
strated in the absence of overexpression, and genetic evidence linking
CYLD with NF-kB activity has been lacking. A recent report dem-
onstrated that NF-kB signaling induced by TLR4 and TNF-a. was
normal in mice deficient in CYLD (12).

To study the in vivo function of CYLD, we generated and ana-
lyzed Cyld~~ mice. In contrast to previously published results,
we report that the development of T and B lymphocytes in the
Cyld~~ mice was normal. However, macrophages deficient in CYLD
displayed increased NF-kB and JNK activity after stimulation of
TLR2, TLR4, and CD40 receptors, while NF-kB activity after stim-
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ulation with TNF-o was normal. In a mouse model of colitis-asso-
ciated cancer (CAC), we found that Cyld~~ mice developed more
severe colonic inflammation and exhibited greater induction of
colonic tumors. Taken together, our results provide genetic evi-
dence that CYLD regulates NF-kB and JNK signaling pathways
and prevents inflammation-induced tumorigenesis through its
ubiquitin protease activity in vivo.

Results
Phenotypic analysis of Cyld~~ mice. Cyld”~ mice were born showing
normal mendelian segregation and exhibited no overt pheno-
type. In initial studies, we assessed the phenotype of lymphocytes
in the thymi and spleens of Cyld”~ mice. We found that the cell
numbers and thymocyte subsets in the thymi of Cyld~~ mice were
normal compared with those of littermate controls, as determined
by analysis of CD4 and CD8 expression (Figure 1A). In addition,
the spleens of Cyld7~ mice contained normal numbers of T cell
subsets as well as normal numbers of B cells compared with con-
trols (Figure 1B). These results differ from previously published
results showing that Cyld”~ mice have decreased numbers of thy-
mic single-positive T cells and increased numbers of B cells in the
spleen (12). A direct comparison of these independently generated
Cyld”~ mice will likely be necessary to resolve this divergence in
phenotype. Nevertheless, our findings clearly indicate that CYLD
is not essential for T and B cell development.

In contrast to young mice, which appeared healthy with no
overt phenotype, we observed pathologic changes in the organs of
10-month-old Cyld~~ mice, including marked lymphoid hyper-
plasia of the thymus and lymphoid inflammatory infiltrates in
numerous tissues including the liver, spleen, lungs, and salivary
glands. The liver abnormalities led to decreased serum albumin
and increased serum aspartate aminotransferase levels (data not
shown). These long-term changes are consistent with a role for
CYLD in limiting inflammation and NF-kB responses in vivo.

CYLD functions as a NEMO deubiquitinase and a negative regulator
of NF-KB. To assess the function of cells lacking CYLD, we stimu-
lated splenic B and T cells from 6- to 8-week-old Cyld”~ and con-
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trol mice in vitro and assessed NF-kB DNA binding activity by
EMSA. While basal NF-B activity was unaffected, Cyld~/~ B cells
exhibited elevated NF-kB activation in response to anti-CD40
and anti-IgM stimulation (Figure 2A). In addition, enhanced
NF-kB activation was observed in Cyld~~ T cells after stimulation
with anti-CD3 (Figure 2B). Recent studies have identified a criti-
cal stimulatory role for K63-linked ubiquitination of NEMO in
NF-kB signaling induced by T cell receptor ligation. B cell lym-
phoma 10 (Bcl-10 interacts through paracaspase with the E2 ubiqg-
uitin conjugation complex (consisting of UBC13 and UEV1A) and
can induce K63-linked ubiquitin conjugation of a single lysine
residue (K399) in the zinc finger domain of NEMO (13). This fact,
and the observation that CYLD has K63-deubiquitinating activ-
ity in vitro, prompted us to assess the ubiquitination status of
endogenous NEMO in T cells. Using anti-CD3 stimulation, we
observed enhanced NEMO ubiquitination in T cells from Cyld~~
mice relative to that in control mice (Figure 2C). Thus, native
CYLD modulates NEMO ubiquitination in response to antigen
receptor stimulation in T cells.

Cyld~~ macrophages display receptor-specific enbancement of NF-xB
activity and cytokine production. In further studies of APC function
in the absence of CYLD, we determined NF-kB activity by EMSA
in Cyld~7~ and wild-type peritoneal macrophages after stimula-
tion with TNF-a., anti-CD40 Ab, and microbial components that
activate TLRs, including the TLR2 agonist tripalmitoylated lipo-
peptide (Pam3;CSK4) and the TLR4 agonist LPS. Anti-CD40 Ab,
Pam;CSKy, and LPS stimulation all resulted in enhanced NF-kB
activity in Cyld~~ cells compared with wild-type controls (Figure
3A). In additional studies, we stimulated Cyld~~ and wild-type peri-
toneal macrophages with Pam3;CSKy plus IFN-y, LPS plus IFN-y,
and anti-CD40 Ab plus IFN-y and measured IL-6 and TNF-o secre-
tion by ELISA. Cyld~~ peritoneal macrophages synthesized greater
amounts of the NF-kB-dependent cytokines IL-6 and TNF-o com-
pared with wild-type control cells (Figure 3B).
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Figure 1

T and B cell development in Cyld-- mice. (A) Thymocytes from 4- to
6-week-old mice were analyzed for CD4 and CD8 expression. In each
panel 10,000 cells were analyzed. Numbers indicate the percentage of
cells in each subset. Data are representative of 4 experiments with 5
mice of each genotype. (B) Spleen populations as determined by flow
cytometry from 6- to 8-week-old mice. Data are mean + SD calculated
from 5 mice of each genotype.

In contrast, parallel studies of APC function disclosed no geno-
type-specific differences in NF-kB activation following stimulation
with TNF-a (Figure 3A). This failure of CYLD to modulate NF-kB
activated by TNF-a stimulation was confirmed in vitro using an
NF-kB reporter readout and CYLD overexpression. Thus, while
CYLD suppressed activation of NF-kB by CD40, ectodermal dys-
plasia receptor (EDAR), and receptor activator of NF-kB (RANK), it
had no effect on activation by TNF-a (Figure 3C).

TRAF2 ubiquitination and JNK activity is increased in Cyld~~ cells.
TNF receptor 1 (TNFR1) stimulation involves the recruitment of
the TNFR1-associated protein (TRADD), TRAF2, TRAFS, and the
receptor interacting protein (RIP) (14). In addition, K63 polyubig-
uitination of TRAF2 is a key step in such signaling. We therefore
evaluated TRAF2 ubiquitination in both Cyld”/~ and wild-type
peritoneal macrophages stimulated with TNF-a and found a time-
dependentincrease in endogenous TRAF2 ubiquitination in Cyld~~
macrophages compared with control macrophages (Figure 4A).
TRAF?2 ubiquitination has also been shown to mediate JNK activ-
ity; we therefore determined whether JNK activity is also enhanced
in Cyld”/~ macrophages (10, 15, 16). Using an anti-JNK phosphospe-
cific Ab, we observed that while the kinetics of JNK phosphorylation
was not different between TNF-o-stimulated Cyld~~ cells and wild-
type controls, the amount of phosphorylated JNK was appreciably
elevated in Cyld~~ cells (Figure SA). We observed similar changes in
Cyld~- macrophages stimulated with LPS (Figure SA) and in antigen
receptor-stimulated Cyld7~ T cells (Figure 5B). These findings sug-
gest that JNK activity is regulated by CYLD in response to diverse
stimuli including TNF-a.

TNF-o—~induced RIP ubiquitination in Cyld~”~ macrophages. Because
NF-kB activation was not increased in Cyld~~ macrophages in
response to TNF-a, while the levels of ubiquitinated TRAF2
were enhanced, we next focused on RIP, a proximal mediator of
NF-«B but not JNK signaling. TNF-a stimulation induces K63-
linked polyubiquitination of RIP, and in the absence of RIP,
TNF-o-induced NF-xB activity is greatly diminished (17, 18).
To assess whether CYLD affects RIP ubiquitination, we stimu-
lated peritoneal macrophages from Cyld~/~ and wild-type mice
with TNF-a.. The level of ubiquitinated RIP generated in TNF-o.-
stimulated Cyld”/~ macrophages was not appreciably different
from that in control macrophages (Figure 4B). These findings
indicate that increased TRAF2 ubiquitination in TNF-o-stimu-
lated Cyld~~ macrophages is not associated with increased RIP
ubiquitination levels, thus providing a rational explanation as
to why TNF-a-induced NF-kB signaling is not affected in Cyld~
mice. These results contrast with those obtained from studies of
A207~ mice, in which it has been shown that A20 downregulates
TNF-o-induced NF-kB responses by directly targeting RIP for
K63 deubiquitination as well as for K48 ubiquitination (19, 20).
The loss of CYLD does not affect A20 expression (A. Jain, unpub-
lished observations), and it is likely that A20, rather than CYLD,
regulates TNF-o-induced NF-kB signaling.
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Colitis and colon tumor susceptibility in Cyld~/~ mice. Our biochemical
data on Cyld 7/~ cells provide direct evidence that CYLD is a nega-
tive regulator of NF-kB activity and suggest that Cyld~~ mice may
have exaggerated inflammatory responses. To test this hypothesis,
we examined the susceptibility of Cyld~~ mice to neoplasia in a
CAC model. Accordingly, 6- to 8-week-old mice were injected with
a single dose of azoxymethane (AOM), a DNA-alkylating agent
that induces somatic mutations in colonic epithelium, followed by
administration of inflammation-inducing dextran sulfate sodium
(DSS) in the drinking water in triweekly cycles (Figure 6A) (21, 22).
Such induced chronic colonic inflammation has previously been
shown to increase the incidence of AOM-induced tumors (23).

In initial studies of this model, we evaluated the outcome of
acute and chronic colitis in Cyld”/~ and control mice. After the
first DSS cycle (at 21 days of the CAC regimen), Cyld”~ mice had
lost significantly more weight than the control mice (Figure 6B)
and showed greater leukocyte infiltration and histologic dam-
age, more mucosal ulcers, and increased dysplastic changes in the
colonic epithelium (Table 1). Representative histologic sections
are shown in Figure 6C. After the second cycle of DSS adminis-
tration (at 42 days), the Cyld~~ mice exhibited greater mortality
and morbidity compared with controls (Figure 6D). Throughout
the duration of the experiment, Cyld~~ animals were sick and had
a hunched posture, whereas control mice appeared healthy and
were active. Analysis of colons at multiple time points after the
administration of DSS revealed that thickening and shortening
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Figure 2

CYLD is a negative regulator of NF-xB activation in B .and T
cells. (A) Cellular extracts prepared from splenic B cells stimu-
lated with anti-IgM (10 ug/ml) or CD40 agonist Ab (1 ug/ml) were
analyzed by EMSA for NF-kB binding. (B) Cellular extracts pre-
pared from splenic T cells and stimulated with anti-CD3 were
analyzed by EMSA for NF-«xB binding. Quantification of NF-xB
activity in A and B is represented as fold change compared with
unstimulated cells (set at 1.0). Ub, ubiquitin. (C) Following T cell
stimulation with anti-CD3, NEMO ubiquitination was analyzed
by immunoprecipitation of the proteins from denatured cellular
lysates followed by immunoblotting with an anti-ubiquitin Ab.
NEMO-(Ub)n, polyubiquitinylated NEMO; ns, nonspecific; SP1,
specificity protein 1.

of colons was more severe in the Cyld”~ mice compared with
control animals, and Cyld”/~ mice were frequently noted to
have perforations on postmortem examination.

While both control and Cyld~7~ mice treated with AOM
and DSS developed colonic tumors, we observed a dramatic
increase in tumor incidence in the Cyld~~ mice after the sec-
ond cycle of DSS (Figure 6E). These tumors were broad-based
adenocarcinomas (Figure 6F) located in the middle and distal
colon, the site of inflammation induced by DSS in experi-
mental animals. Because AOM causes mutations through-
out the colon, it is likely that the more severe inflammation
in the distal intestine of the Cyld~~ mice is contributing to
greater tumorigenesis at this site. The number of tumors per
mouse was not statistically different between control and
Cyld~~ mice after the third cycle of DSS treatment (Figure
6E). However, at this time of analysis the majority of Cyld~~
mice were deceased from severe colitis (Figure 6D). Thus the
Cyld~~ mice that survived likely experienced reduced inflam-
mation that resulted in fewer tumors.

We next examined whether the increased occurrence of colon-
ic tumors in the Cyld”/~ mice is associated with the increased
expression of NF-kB target genes in colonic specimens by
immunohistochemistry. iNOS and COX-2 are NF-kB genomic tar-
gets and are important regulatory molecules in inflammation and
cancer development (24-26). Neither iNOS nor COX-2 expression
differed significantly between the untreated wild-type and Cyld
mouse colonic sections (Figure 7). However, with AOM and DSS
treatment, the colonic tissue samples from Cyld~~ compared with
control mice demonstrated increased staining of iNOS and COX-2
at multiple time points after DSS treatment. Taken together, these
findings indicate that AOM and DSS-induced expression of iNOS
and COX-2 in the colon is negatively regulated by CYLD in vivo.

Discussion

Posttranslational modification of intracellular signaling constitu-
ents through conjugation of K63-linked polyubiquitin chains has
been proposed to promote the assembly of multiprotein com-
plexes that are required for the activation of JNK and NF-kB (10,
16). There has been controversy over whether CYLD is a regulator
of both of these signaling pathways (1, 2, 15). In this report, we
provide strong evidence in support of a regulatory role for CYLD
in both signaling pathways by showing that TRAF2 and NEMO
were hyperubiquitinated in Cyld~~ hematopoietic cells following
stimulation with mediators of innate and adaptive immunity and
that this was associated with increased JNK and NF-«B activity. In
November 2006
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Figure 3

Comparison of triggered NF-kB activation and cytokine production in Cyld-- and wild-type cells. (A) Peritoneal macrophages were stimulated
with TNF-a (500 U/ml), CD40 agonist Ab (1 ug/ml), LPS (2.5 ug/ml), or PamzCSK, (150 ng/ml). Cellular extracts were prepared from cells
stimulated for the indicated intervals and analyzed by EMSA for NF-kB binding activity. Quantification of NF-«xB activity is represented as fold
change compared with unstimulated cells (set at 1.0). (B) Peritoneal macrophages were stimulated with LPS (2.5 ug/ml), PamsCSK, (150 ng/ml),
or CD40 agonist Ab (5 ug/ml) for 24 hours. IFN-y (10 ng/ml) was added to all stimulation conditions, and the production of IL-6 and TNF-« into
culture supernatants was assessed by ELISA. Med, medium. *P < 0.005, Cy/d-- versus wild-type. (C) CYLD overexpression suppresses NF-kB
activation by CD40, EDAR, and RANK, but not by TNF-a.. 293M cells were transfected with an NF-kB reporter construct either in combination with
a CYLD-bearing plasmid or with empty vector as a control. Cells were stimulated with TNF-c, and luciferase activity was measured. To activate
other TNFR pathways, vectors bearing CD40, EDAR, and RANK were cotransfected into 293M cells. This led to receptor overexpression and
ligand-independent NF-kB activation caused by spontaneous receptor trimerization. Quantitation of NF-kB activity in the presence of CYLD is

indicated as fold suppression. *P < 0.005, Cyld-- versus vector.

addition, using a CAC model, we show that Cyld/~ mice were sus-
ceptible to increased intestinal inflammation and demonstrated
a marked increase in the incidence of colonic tumors. These find-
ings provide genetic evidence in support of the hypothesis that
CYLD functions as a tumor suppressor gene.

In a recent study, CYLD-deficient bone marrow-derived mac-
rophages obtained from separately generated Cyld”/~ mice were
reported to have normal NF-xB and JNK activity in response to
TNFR1 and TLR4 stimulation (15). These data are not consis-
tent with those reported here or with previous studies of CYLD
function. Intriguingly, the same research group found that CYLD
interacts with Lck, and this binding was believed to be responsible
for the impaired development of single-positive thymocytes of
mice deficient in CYLD. Because we did not find impairments in
thymocyte development, our study indicates that CYLD is not an
obligate requirement for Lck function.

While we observed increased activation of NF-kB and JNK ex
vivo in Cyld”~ hematopoietic cells, this hyperresponsiveness did
not lead to severe spontaneous inflammation. Nonetheless, we did
observe lymphoid hyperplasia in aged mice. One likely explanation
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for this subdued phenotype is the existence of other deubiquitinat-
ing enzymes that play an important role in cellular signaling. One
likely candidate is A20, an enzyme with an N-terminal ubiquitin
hydrolase domain that also removes K63-linked ubiquitin from
NEMO, TRAF2, and TRAF6 (19, 27). In contrast to CYLD, A20
also has a C-terminal ubiquitin ligase domain, which specifically
targets RIP for K48 polyubiquitination and subsequent proteo-
somal degradation (19). A20~~ mice fail to downregulate TNF-a-
induced NF-kB activity and die prematurely at 6 weeks of age from
chronic inflammation and cellular death (26). The phenotypic and
cellular differences between the A20 and CYLD knockout mice
suggest that while these 2 deubiquitinating enzymes target some
of the same substrates, A20 and CYLD serve in distinct biological
contexts that have yet to be fully defined.

An association between inflammation and cancer is widely
appreciated, but their precise relationship remains poorly under-
stood. Previous studies with the CAC model in mice support an
indirect mechanism in which intestinal microflora stimulates
inflammartory cells in the submucosa and thereby promote malig-
nant transformation of the overlying epithelium (28-30). The role
Volume 116 3045
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of NF-kB in this process was demonstrated through a condition-
al knockout of I-kB kinase  (IKKf; ref. 29). These investigators
found that the incidence of colon cancer was markedly decreased
in the IKKfB-deleted mice, and that IKKf had different functions
in epithelial cells and myeloid cells. In epithelial cells, IKK was
shown to regulate tumor promotion through the expression of
antiapoptosis genes such as Bcl-X;. In myeloid cells, NF-kB was
shown to regulate the expression of proinflammatory molecules
that stimulated the division of genetically altered epithelial cells
and thereby increase tumor size.

As shown here, stimulated Cyld~~ macrophages demonstrated
increased NF-kB activity and produced increased amounts of
TNF-o and IL-6 following stimulation
with a variety of ligands. In addition,
increased iNOS expression was observed

A Cyl [+/+

Figure 4

Comparison of TRAF2 and RIP polyubiquitination levels in Cyld-- and
wild-type cells. (A) Peritoneal macrophages stimulated with TNF-c..
TRAF2 ubiquitination was analyzed by immunoprecipitation of the
proteins from denatured cellular lysates followed by immunoblotting
with an anti-ubiquitin Ab. (B) Lysates prepared from peritoneal macro-
phages stimulated with TNF-a were immunoprecipitated with an RIP-
specific Ab followed by immunoblotting with an anti-ubiquitin Ab.

to stimulation by components of the intestinal microflora, and it
is reasonable to speculate that Cyld /- epithelial cells would show
enhanced survival characteristics as a consequence of enhanced
TLR signaling. This notion is supported by the finding that after
AOM and DSS treatment, the Cyld~~ epithelial cells had increased
expression of COX-2, an NF-kB-regulated protein involved in cel-
lular proliferation and antiapoptotic activity. As a consequence,
Cyld 7/~ epithelial cells subsequently accumulated additional onco-
genic mutations that ultimately led to enhanced tumorigenesis.
These findings suggest that modest differences in NF-kB activity
and cytokine production occurring in the absence of CYLD lead
to marked differences in the development of induced inflamma-
tion-associated cancer.

Recently, mice deficient in CYLD were also shown to be more
susceptible to skin tumors induced by 7, 12-dimethylbenz(a)anth
racene (DMBA) and 12-O-tetradecanoylphorbol-13-acetate (TPA)
than were wild-type mice (31). These authors linked the loss of
CYLD in keratinocytes to increased Bcl-3 polyubiquitination and
increased transcription of Bcl-3-dependant target genes. There-
fore, the mechanism of CYLD-mediated NF-kB suppression may
vary in different tumors.

In summary, our study provides genetic evidence that CYLD
plays a regulatory role in the function of intracellular signaling pro-
teins of the hematopoietic system and that its deficiency leads to
increased susceptibility to tumor induction. It is noteworthy, how-
ever, that such susceptibility was only apparent in the presence of
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Figure 6

Increased colonic inflammation and
tumor development in Cyld-- mice.
(A) Schematic of the AOM and
DSS CAC model. (B) Weight loss
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inflammation, emphasizing that regulatory abnormalities seen in
the absence of CYLD are mainly observed in hyperactivated cells.

Methods

Generation of Cyld~/~ mice. All mice were maintained in the National Institute
of Allergy and Infectious Diseases (NIAID) animal holding facilities. Animal
use adhered to NIH laboratory animal care guidelines and all animal experi-
ments were approved by the NIAID Animal Care and Use Committee review
board. Cyld~~ mice were generated by Lexicon Genetics Inc. The ATG start
codon is in exon 2, and a gene-targeting construct was designed to delete
exons 2 and 3 and replace them with a lacZ reporter and a neomycin resis-
tance gene (Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JCI28746DS1). The targeting vector was lin-
earized and electroporated into Lex-1 ES cells. Clones resistant to G417 were
selected and screened for homologous recombinants by Southern blot anal-
ysis. Two targeted ES cell clones were microinjected into CS7BL/6 (albino)
blastocysts, and the resulting chimeras were mated to C57BL/6 (albino)
females to generate mice heterozygous for the cyld mutation. Homozygous
knockout animals were obtained by mating of heterozygous males and
females. Genotyping was performed by PCR on tail-derived genomic DNA,
and germline transmission was confirmed by Southern blot analysis.

Fluorescence-activated cell sorting analysis. Cells were obtained from thymus,
spleen, lymph node, and blood using standard methods and stained with
combinations of the following antibodies to distinguish hematopoietic
subsets: CD3, CD4, CD8, IgM, IgD, B220, CD11c, CD11b, CD25, CD69,
CD19, and 2B4. Samples were analyzed using a FACScan (BD Biosciences)
with CellQuest software version 2 (BD Biosciences).

Reporter gene assays. We seeded 2 x 105 293M cells into 6-well plates and,
after overnight incubation, transfected them with Lipofectamine 2000
(Invitrogen) with 0.5 ug of reporter plasmids in combination with dif-
ferent concentrations of CD40-, RANK-, or EDAR-expressing plasmids.
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—— Cyld* curves of Cyld~- and wild-type mice
4 —=—Cyld” (n = 60 per group) injected with
1 4 7 10 13 16 19 22 25 28 31 34 AOM followed by DSS. Curves are

Day statistically different (P < 0.001).
(E) Incidence and total number of
tumors (>0.5 mm) in the colons
of Cyld-- and wild-type mice after
administration of AOM followed by
DSS. Mice were sacrificed 7 days
after the first (left) or the second
cycle (right) of DSS treatment.
*P < 0.001; Cyld-"- versus wild-type.
(F) Typical colon histologies dem-
onstrating broad-based adenocar-
cinoma in a Cyld~- section 7 days
after the second cycle of DSS treat-
ment. Magnification, x50.

Second DSS cycle

Cells were stimulated with TNF-a (10 ng/ml) 24 hours after transfection.
Corresponding empty vectors were added into all transfections to ensure
a consistent 2 ug of total DNA per transfection. Twenty-four hours after
transfection, lysates were prepared, and luciferase activity was measured
using the Dual-Luciferase reporter assay system (Promega).

ELISA. Peritoneal cavity macrophages were harvested with 10 ml cold
PBS 72 hours after 3% thioglycollate broth injection and washed twice with
DMEM. Cells were resuspended in DMEM with 10% FBS and 1% penicil-
lin-streptomycin and stimulated for 24 hours with LPS (InvivoGen) plus
IFN-y (R&D Systems), Pam;CSK, (InvivoGen) plus IFN-y, or anti-CD40
AD (BD Biosciences — Pharmingen) plus IFN-y. Culture supernatants were
harvested, and cytokine concentrations were measured by R&D Systems
Duo Set kits. In brief, the supernatants were applied onto plastic plates

Table 1
Histopathologic scoring of colons in Cyld~-and Cyld*+ mice fol-
lowing DSS administration

http://www.jci.org

Cyld+* Cyld~-
Epithelial injury + .
Ulcer/erosion Oto+ .
Infiltrating leukocyte +10 ++ 4+ 10 ++++
Colonic dysplasia Low-grade High-grade

Tissue sections were obtained from mice 7 days after the first cycle of
DSS administration. +, minimal (<25% of section involvement); ++, mild
(<50% of section involvement); +++, moderate (<75% of section involve-
ment); ++++, severe (<100% of section involvement). Low-grade dys-
plasia is defined as mild dysplastic changes with decreased goblet cells
extending to the surface epithelium. In high-grade dysplasia, a greater
degree of cytologic atypia is evident: the nuclei are enlarged and have
irregular contours, and a loss of normal polarity is observed (31-33).
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First DSS cycle

Third DSS cycle Second DSS cycle

Figure 7

Untreated

Second DSS cycle First DSS cycle

Third DSS cycle

COX-2 and iNOS immunostaining of tissue sections obtained from wild-type and Cyl/d-- mice 7 days after the first, second, and third cycles of
DSS treatment. Numerous COX-2—positive cells were observed in the epithelium, and iINOS-positive cells were observed within broadly based
inflammatory infiltrating cells, of the adenomatous tissue of Cy/d-- mice. Arrowheads indicate positively stained cells. Magnification, x50.

precoated with anti-IL-6 mAb or anti-TNF-o. mAb. After washing, plates
were probed with biotin-conjugated detection Ab and HRP-conjugated
streptavidin and developed with TMB1 component HRP microwell sub-
strate (BioFx Laboratories). Absorbance at 450 nm was measured by spec-
trophotometer (Kinetic Microplate reader; Molecular Devices).

EMSA. Spleen B cells and CD4 T cells were isolated using CD45R (B220)
and CD4 (L3T4) microbeads (Miltenyi Biotec), respectively. Macrophages
were harvested from mouse peritoneal cavities 3 days after injection of 3%
(wt/vol) thioglycolate (Sigma-Aldrich) broth. B cells were stimulated with
anti-CD40 and anti-IgM Abs (BD Biosciences — Pharmingen). CD4 T cells
were stimulated with plate-coated anti-CD3 Ab (10 ug; BD Biosciences
— Pharmingen). Macrophages were stimulated with LPS (2.5 ug/ml), anti-
CD40 (1 ug/ml), Pam3;CSK4 (150 ng/ml), or recombinant murine TNF-a
(500 U/ml) at different time points. Whole-cell extracts from untreated
or stimulated B cells, CD4 T cells, and macrophages were prepared using
whole-cell lysis buffer (50 mM Tris-HCI, pH 7.5; 100 mM NaCl; 50 mM NaF;
0.1 mM Na3zVO,; 30 mM sodium pyrophosphate; 0.5% NP40; 0.6% diiso-
propyl fluorophosphate; and complete protease inhibitor [Roche Diagnos-
tics|). Protein concentrations were determined using a Micro BCATM Pro-
tein Assay Kit (Pierce). Binding reactions for NF-kB were preformed using
the Trans-AM NF-kB Kit (Active Motif) according to the manufacturer’s
instructions. Cellular lysates were incubated with 3?P-labeled double-strand-
ed NF-kB oligonucleotide (5'-AGTTGAGGGGACTTTCCCAGGC-3') for 20
minutes before electrophoresis on 5% nondenaturing polyacrylamide gels.

IP, ubiquitination assay, and Western blotting. Cells were washed with PBS
before being lysed in IP buffer (50 mM Tris-Cl, pH 7.5; 150 mM NacCl;
3 mM EGTA; 1% Triton-X 100; 0.5% NP-40; 10 mM N-ethylaleimide
[Sigma-Aldrich]; 1 mM sodium orthovanadate [Sigma-Aldrich]; 10% glyc-
erol [Invitrogen]; and protease inhibitor mixture with EDTA [Roche Diag-
nostics]). Cellular lysates were heat denatured with 1% SDS, diluted 1:10,
precleared with Protein A/G Plus agarose beads (Santa Cruz Biotechnol-
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ogy Inc.), and incubated with mouse mAb against NEMO, TRAF2, or RIP
(BD Biosciences — Pharmingen) followed by incubation with Protein A/G
Plus beads. IPs were washed with IP buffer followed by Tris-buffered saline,
heat denatured in NuPAGE-LDS sample buffer (Invitrogen), and resolved
in a 4%-12% gradient NuPAGE Bis-Tris polyacrylamide gel. Proteins were
transferred to Hybond-ECL nitrocellulose membrane (Amersham Biosci-
ences) using a Trans-Blot SD apparatus (Bio-Rad) and probed with rabbit
anti-ubiquitin antibodies (Santa Cruz Biotechnology Inc. and Imgenex). In
T cell experiments, CD4* T cells were stimulated with plate-coated anti-
CD3 (10 ug; BD Biosciences — Pharmingen) for 24 hours and then expand-
ed in IL-2 for 7 days before use. The anti-CYLD Ab was a gift of S.C. Sun
(Pennsylvania State University, Hershey, Pennsylvania, USA).

Tumor induction and analysis. Cyld”~ mice (6-8 weeks old; C57BL/6 x 129
mixed background) and control B6129SF2 mice (The Jackson Laboratory)
were injected i.p. with 10 mg/kg AOM (National Cancer Institute). After 1
week, 3% DSS (MW, 36-50 kDa; MP Biomedicals) was given in the drinking
water for 1 week, followed by 1 week of regular water. This cycle was repeat-
ed twice (1 week of 3% DSS and 1 week of regular water), and mice were
sacrificed at the end of each cycle. Colons were removed, flushed with PBS,
fixed using the “Swiss-roll” technique in 4% paraformaldehyde at 4°C over-
night, and paraffin-embedded. Sections (5 pm) were cut stepwise (200 pm)
through the complete block and stained with H&E. Tumor counts and coli-
tis disease scores were performed in a blinded fashion. Paraffin block sec-
tions were immunostained with an anti-iNOS Ab (BD Biosciences) or with
anti-COX-2 (Cayman Chemical). Appropriate control material (according
to the manufacturer’s instructions) was used for each run. For negative
controls, the primary Ab was omitted. After immunohistochemistry, the
samples were assessed by light microscopy.

Statistics. Two-tailed Student’s ¢ test was used to evaluate statistical signifi-
cance. Analysis was performed using Prism 4 (GraphPad Software). P values
less than 0.05 were considered to be significant.
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