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Abstract
Purpose CYLD is a tumor suppressor that has been linked to
the development of various human malignancies, including
colon cancer. The tumor-suppressing function of CYLD is
associated with its deubiquitinating activity, which maps to
the carboxyl-terminal region of the protein. In the present
study we evaluated the role of intestinal epithelial CYLD in
colitis-associated cancer using a conditional mouse CYLD
inactivation model.
Methods In order to evaluate the role of CYLD in intestinal
epithelial carcinogenesis, mice (IEC-CyldΔ9mice) that carry a
mutation that eliminates the deubiquitinating domain of
CYLD in intestinal epithelial cells (IEC) were generated by
crossing Villin-Cre transgenic mice to previously generated
mice carrying a loxP-flanked Cyld exon 9 (Cyldflx9 mice).
Results We found that IEC-CyldΔ9mice did not present spon-
taneous intestinal abnormalities up to one year of age.
However, upon challenge with a combination of genotoxic
(AOM) and pro-inflammatory (DSS) agents we found that
the number of adenomas in the IEC-CyldΔ9mice was dramat-
ically increased compared to the control mice. Inactivation of
CYLD in intestinal epithelial cells did not affect the classical

nuclear factor-kappaB (NF-κB) and c-Jun kinase (JNK) acti-
vation pathways under physiological conditions, suggesting
that these pathways do not predispose CYLD-deficient intes-
tinal epithelia to colorectal cancer development before the
onset of genotoxic and/or pro-inflammatory stress.
Conclusions Our findings underscore a critical tumor-
suppressing role for functional intestinal epithelial CYLD in
colitis-associated carcinogenesis. CYLD expression and its
associated pathways in intestinal tumors may be exploited
for future prognostic and therapeutic purposes.
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1 Introduction

The cylindromatosis tumor suppressor gene Cyld was first
linked to oncogenesis after the identification of mutations that
disrupt its coding region in patients with familial Brooke-
Spiegler syndrome (BSS) suffering from skin adnexal tumors
[1]. Subsequent studies provided compelling evidence for a
broader tumor suppressing activity of Cyld based on correla-
tions observed between down-regulation of Cyld expression
and tumorigenesis in various tissues. For example, mutations
of Cyld or down-regulation of its expression have been asso-
ciated with the development of multiple myeloma, chronic
lymphocytic leukemia, melanoma, hepatocellular carcinoma
and colon carcinoma [2–6].

Cyld codes for a 956 amino-acid long polypeptide (CYLD)
that possesses deubiquitinating activity in its carboxyl-
terminal region (reviewed in [7, 8]). Mutations that disrupt
the deubiquitinating domain of CYLD have linked the
deubiquitinating activity of CYLD to its tumor suppressing
activity in primary human patient samples and in CYLD-
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deficient mouse models. The deubiquitinating activity of
CYLD has been found to be selective towards K63-linked
and linear polyubiquitin chains, which are primarily implicat-
ed in the assembly of multi-subunit protein complexes and the
regulation of protein signaling activities. By virtue of its
ability to modulate poly-ubiquitination of various pro-
teins, CYLD is capable of regulating several signaling
pathways critical for cell survival and proliferation, in-
cluding the nuclear factor-kappaB (NF-κB), c-Jun kinase
(JNK), p38, Akt and Wnt pathways. An important as-
pect of the contribution of CYLD to tissue homeostasis
is its ability to modulate programmed cell death by ap-
optosis and necroptosis. CYLD can affect apoptosis by
inhibiting excessive activation of NF-κB or prolonged
activation of JNK. In addition, CYLD has been identi-
fied as an important mediator of necroptosis, which re-
lies on its ability to deubiquitinate receptor-interacting-
kinase (RIPK)1 and to facilitate its phosphorylation
along with the phosphorylation of RIPK3 [9]. Even
though CYLD is capable of regulating multiple signal-
ing pathways, the predominant CYLD-dependent path-
way that underlies a particular pathology may be tis-
sue-specific. For example, genetic approaches have re-
vealed that hyper-activation of NF-κB underlies a defec-
tive selection of CYLD-deficient thymocytes [10, 11],
whereas sustained activation of JNK has been found to
be responsible for an extensive apoptosis that initiates
liver fibrosis in mice in which CYLD is inactivated in a
hepatocyte-specific manner [12]. Therefore, it is impor-
tant to assess the role of CYLD in specific cell types in
order to understand the systemic pathologies that are
associated with its deregulation.

Deregulation of CYLD expression has been associated
with several intestinal pathologies, including inflammatory
bowel disease and colon cancer. Specifically, down-
regulation of CYLD expression has been found to be associ-
ated with both Crohn’s disease and ulcerative colitis in
humans [13, 14]. Furthermore, mice with a constitutive defi-
ciency of Cyld have been found to be sensitized to colitis-
associated cancer development, i.e., they exhibit a dramatic
increase in the incidence and multiplicity of intestinal tumors
induced by azoxymethane (AOM) and dextran sodium sulfate
(DSS) [15]. Although these studies strongly implicate the
down-regulation or inactivation of Cyld in colitis-associated
cancer, the relative contribution of CYLD-deficient lymphoid,
myeloid and/or intestinal epithelial cells (IECs) in the ob-
served phenotype has remained unknown.

In the present study we have generated mice carrying a
deubiquitinase-deficient Cyld gene in their IECs in order to
assess the specific role of CYLD in these cells in the develop-
ment of intestinal pathologies. Our data support a critical con-
tribution of intestinal epithelial CYLD in the prevention of
colitis-associated cancer.

2 Materials and methods

2.1 Mouse models

The experiments involving animals were approved by the
Aristotle University of Thessaloniki Faculty of Veterinary
Medicine Review Board for compliance to FELASA regula-
tions and licensed by the National Veterinary Administration
authorities (License No. 94,354/866). Mice (C57BL/6) were
kept in bio-containment facilities in individually ventilated
cages, fed with sterilized regular mouse chow and given ster-
ilized water ad libitum. Genotyping of the mice was per-
formed by polymerase chain reaction (PCR) analysis of geno-
mic DNA. The following PCR primers were used to charac-
terize the Cyld locus: FWD1: 5 -GATGGCTCTT
GTCACCACTT-3 ′, F6: 5 ′-CGTGAACAGATGTGA
TGAAGGC-3′, R6: 5′-CTACCATCCCTGCTAACCAC-3 .
The hybridization positions of the FWD1, F6 and R6 primers
are depicted in Fig. 1a. The presence of the Cre transgene was
assessed by PCR of gemonic DNA using the following
primers:

oIMR1084: 5 - GCGGTCTGGCAGTAAAAACTATC-3 ,
oIMR1085: 5 - GTGAAACAGCATTGCTGTCACTT-3 ,
οΙμR7338: 5 -CTAGGCCACAGAATTGAAAGATCT-3
and oIMR7339: 5 -GTAGGTGGAAATTCTAGCA
TCATCC-3 . The oIMR1084 and oIMR1085 primers amplify
a 102 bp DNA fragment of the Cre transgene, whereas the
oIMR7338 and οΙμR7339 primers were used concurrently
with the Cre-specific primers to amplify a 324 bp genomic
DNA fragment as internal control.

2.2 AOM/DSS protocol

All experiments were performed on six to eight week-
old C57BL/6 mice. On day 0, baseline weights were
recorded and each mouse was injected intraperitoneally
(IP) with 10 mg/kg of AOM (SIGMA-ALDRICH). On
day 7, 1.5 % Dextran Sodium Sulfate (DSS) (molecular
weight: 36–50 kDa; MP Biomedicals Inc., Cleveland,
OH, USA) solution was supplied to the mice ad libitum
in the drinking water. On day 14, cages were switched
back to standard drinking water for one week. On day
21, the previous DSS cycle was repeated, followed by a
3 month period of regular drinking water supply. After
this, the mice were sacrificed using isoflurane. At nec-
ropsy, the colon was removed, cut open, rinsed in nor-
mal saline and photographed for the counting of grossly
visible polyps.

2.3 Antibodies

For immunohistochemistry (IHC) the following primary anti-
bodies were used: (i) rabbit polyclonal antibodies directed
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against β-catenin (ThermoFisher Scientific/Lab Vision,
Fremont, CA, USA), cleaved caspase-3 and Phospho-JNK
(Cell Signaling, Beverly, MA, USA), B-cell lymphoma-3
(Bcl-3, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) and (ii) rabbit monoclonal antibodies directed against
p65/RelA, c-jun (Cell Signaling, Beverly, MA, USA), cyclin-
D1 and Ki-67 (Abcam, Cambridge, UK).

For Western blot analysis anti-CYLD (E-4; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) and anti-β-actin
(C-4; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA)
antibodies were used.

2.4 Histological analyses

For histologic evaluation, formalin-fixed colon samples were
embedded in paraffin, cut at 5 μm, and stained with hematox-
ylin and eosin (HE) or processed for IHC. Heat-induced anti-
gen retrieval was performed with EDTA buffer, pH 8 for ki-67
or with citrate buffer, pH 6, for the other IHC stains. Rabbit
primary antibody binding was detected using a goat anti-
rabbit polymer HRP (ZytoChem Plus, Berlin, Germany), after
which color was generated using a DAB substrate-chromogen
system (ThermoFisher Scientific/Lab Vision, Fremont, CA,

Fig. 1 Conditional inactivation of CYLD in colonic epithelium
exacerbates AOM/DSS-induced polypoidogenesis a Schematic
representation of exons 7–13 (E7-E13) of the murine Cyld locus
(Cyld+). The structures of the floxed Cyld locus in the absence (Cyldflx9)
and presence (CyldΔ9) of the Cre recombinase are shown. The loxP sites
are shown as solid triangles. The positions of primers FWD1, F6 and R6
are marked by arrows. b PCR analysis of genomic DNA from the
intestinal epithelium of IEC-Cyldflx9 and IEC-CyldΔ9 mice using a
mixture of the FWD1, F6 and R6 primers. The specific PCR product of
the floxed Cyld locus and the F6-R6 primer pair (Cyldflx9 F6-R6), as well
as the PCR product of the recombined Cyld locus and the FWD1-R6
primer pair (CyldΔ9 FWD1-R6) are indicated by arrowheads.
Representative results from three animals per group are shown. c
Western blot analysis of lysates from IECs, isolated from Cyldflx9 and

CyldΔ9 mice using anti-CYLD and anti-actin antibodies. The positions
of full-length CYLD and actin are marked by arrowheads. d PCR analysis
of genomic DNA from adenomatous polyps of AOM/DSS-treated IEC-
Cyldflx9 and IEC-CyldΔ9 mice using a mixture of the FWD1, F6 and R6
primers was performed as described in b. Samples from two animals per
group were analyzed and shown. e Representative macroscopic
appearances of the descending colon and rectum of selected AOM/
DSS-treated mice (shown are 4 animals per group). Colonic polyps
with typical gross pathologic features are numerous in the colon and
rectum of mice lacking functional colonic epithelial cell CYLD, but
only a few of them are observed in wild-type treatment-matched
controls. f CYLD inactivation affects both the multiplicity and
occurrence of adenomatous polyps at statistically significant levels.
Average numbers of polyps per mouse ± SEM are shown. ***p < 0.001
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USA). The tissues were counterstained with hematoxylin.
Adenomatous polyp counts were compared between groups
using Mann-Whitney U analysis. Statistical significance was
set at p < 0.05. All analyses were performed using the
Graphpad Prism version 5.0 for windows (GraphPad
Software, San Diego, CA, USA).

3 Results and discussion

Previously, we reported the generation of mice with loxP sites
flanking exon 9 of the Cyld gene (Cyldflx9 mice, [16]). Cre-
mediated deletion of exon 9 results in a carboxyl terminal
truncation of CYLD, which eliminates its deubiquitinating
domain. An amino-terminal CYLD polypeptide of 30kD can
be expressed upon deletion of exon 9 [16]. In order to evaluate
the functional role of CYLD in the intestinal epithelium, we
generated mice carrying a deletion of Cyld exon 9 specifically
in IECs (IEC-CyldΔ9 mice). This was achieved by crossing
Cyldflx9 mice with Villin-Cre mice, which express the Cre
recombinase in the intestinal epithelium. By doing so, we
found that the Villin-Cre-Cyldflx9/flx9 (from now on denoted
as IEC-CyldΔ9) mice resulting from these crosses showed

efficient deletion of Cyld exon 9 and a dramatic reduction in
the expression of full-length CYLD in IECs (Fig. 1b-d).

In order to evaluate the role of CYLD in intestinal tumor-
igenesis, the well-established AOM/DSS protocol was used to
determine the susceptibility of mice with intestinal epithelial
Cyld deficiency to colitis-associated cancer. A single dose of
AOM was administered by intraperitoneal injection, followed
by two cycles of DSS as described in the materials and
methods section. At necropsy, 3 months after the AOM/DSS
treatment, typical exophytic polypoid adenomas were found
in the colon of the mice. In both IEC-CyldΔ9 and wild-type
control mice adenomatous polyps were located in the de-
scending colon and the rectum (Fig. 1e). All of the IEC-
CyldΔ9 mice (15/15) developed colonic adenomatous polyps.
The total number of adenomatous polyps counted was 117
and their sizes ranged from 1 to 7mm in diameter. By contrast,
only 2 out of the 6 control mice developed in total 17 adeno-
matous polyps, with sizes ranging from 1 to 4 mm in diameter.
Genotyping of selected polyps from control and IEC-CyldΔ9

mice revealed the presence of the expected alleles in each case
(Fig.1d). In conclusion, IEC-CyldΔ9 mice developed some-
what larger and significantly more (p < 0.001) adenomatous
polyps (mean 11.8 polyps/mouse) than the control mice (mean
2.8 polyps/mouse) (Fig. 1f). The IEC-CyldΔ9 polyps showed

Fig. 2 Histopathological and
selected immunohistochemical
features of AOM/DSS-induced
adenomatous polyps in IEC-
CyldΔ9 and IEC-Cyld flx9 mice.
Microscopic overview of AOM/
DSS-induced adenomatous
polyps in IEC-CyldΔ9 and control
(IEC-Cyld flx9) mice. A typical
colonic polyp histopathology
with closely-packed tubular
glands of abnormal shape and size
(tubular adenoma) separated by
fibrovascular stroma is observed.
Neoplastic gland epithelia
universally show abnormal
cytoplasmic stabilization of β-
catenin and increased cytoplasmic
Bcl-3 and p65/RelA expression.
Small numbers of neoplastic cells
exhibit nuclear β-catenin.
Overall, nuclear Bcl-3 and
p65/RelA is seen, and high
numbers of neoplastic cells show
positive immunoreactivity for
nuclear cyclin-D1 and c-Jun
HE: hematoxylin and Eosin. IHC;
Diaminobenzidine chromogen,
Hematoxylin counterstain. Scale
bars: 250 μm (HE); 50 μm (β-
catenin, cyclin-D1, Bcl-3, c-Jun
and p65/RelA)
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histopathologies typical of mouse colonic polypoid adenomas
(Fig. 2) and did not differ from the polyps seen in control mice
and other AOM/DSS mouse models described before [17]. In
addition, we found by IHC analyses that both IEC-CyldΔ9 and
control mouse polyps shared characteristics of β-catenin sta-
bilization and elevated expression of cyclin-D1, Bcl-3, c-Jun
and p65/RelA (Fig. 2). Early invasive adenocarcinoma lesions
were not evident in the adenomatous polyps of either experi-
mental groups. The non-polypoid remaining colonic mucosa
in both groups of mice was by large normal without signs of
chronic residual colitis. These results indicate that the absence
of functional CYLD in colonic epithelial cells exacerbates
colitis-associated carcinogenesis.

In order to determine whether CYLD inactivation in IECs
affects epithelial homeostasis spontaneously, the colons of
untreated one-year-old IEC-CyldΔ9 mice and control mice
were examined his to logica l ly and, in addi t ion ,
immunohistochemically for Bcl-3, cyclin-D1, β-catenin,
p65/RelA and phosphorylated JNK expression. Both groups
of mice exhibited normal colonic histologies. Although we
cannot exclude small quantitative differences that cannot be
assessed by IHC, IEC-CyldΔ9 and control IECs exhibited
comparable immunohistochemical features of the markers ex-
amined, including absence of phospho-JNK and a primarily

cytoplasmic localization of p65/RelA (Fig. 3). These findings
suggest that the lack of functional CYLD in intestinal epithelia
cells does not affect the homeostasis of the intestinal epitheli-
um under physiological conditions.

The signaling pathways that mediate the tumor suppressing
role of CYLD in IECs are as yet unknown. One possibility is
that lack of functional CYLD causes accelerated proliferation
of IECs after injury, which may predispose them to malignant
transformation. Alternatively, CYLD inactivation may con-
tribute to programmed cell death resistance. It is known that
CYLD can play a positive role in the induction of apoptosis
and necroptosis. In case of apoptosis, CYLD may play such a
role by inhibiting NF-κB activation by pro-inflammatory cy-
tokines [8, 18]. On the other hand, it has been found that
CYLD may facilitate the formation of TNFα-induced
necrosomes by deubiquitinating RIP1 and by promoting its
interaction with RIP3 and their subsequent phosphorylation
[19]. A previous study has revealed a critical role of CYLD
in intestinal necroptosis induced by FADD deficiency [20].
Our current results raise the intriguing possibility of an im-
paired response to AOM-induced genotoxic stress by CYLD-
deficient IECs. It has been shown by others that CYLD can
facilitate genotoxin-induced apoptosis by reversing the linear
ubiquitination of NEMO and limiting the activation of anti-

Fig. 3 Conditional inactivation
of CYLD does not affect colonic
epithelium under normal
conditions. One year old
untreated IEC-Cyld flx9 and IEC-
CyldΔ9mice show a normal colon
histology. As expected, the
expression of Bcl-3 is constitutive
and remains unaffected upon
inactivation of CYLD. Likewise,
the colon of both groups show
baseline cytoplasmic expression
of p65/RelA in colonic epithelial
and stromal cells, undetectable
phosphorylated JNK (phospho-
SAPK/JNK) and the expected
patterns of β-catenin and cyclin-
D1 staining. HE: hematoxylin and
eosin. IHC: diaminobenzidine
chromogen, hematoxylin
counterstain. Scale bars: 100 μm
(HE); 50 μm (Bcl-3, p65RelA,
phospho-SAPK/JNK, β-catenin
and Cyclin-D1)
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apoptotic NF-κB-dependent gene expression [21].
Furthermore, it was found that inactivation of CYLD may
confer resistance to cancer cells against genotoxic agents
[22, 23]. Therefore, it is conceivable that the lack of functional
CYLD in IECs may allow the accumulation of AOM-induced
mutations by preventing the death of cells that would normally
be eliminated due to excessive DNA damage that cannot be
repaired properly. As yet, the delineation of the exact mecha-
nism underlying the disturbed homeostasis of CYLD-
deficient IECs upon injury requires extended analyses of larg-
er numbers of experimental animals.

CYLD is a well-known negative regulator of the NF-κB
and JNK pathways in various cell types. Aberrant activation
of either pathway in IECs has been associated with sensitiza-
tion to colitis-associated polypoidogenesis (reviewed in [24]).
Hyper-activation of NF-κB in IECs promotes the expression
of cytokines and chemokines leading to an enhanced recruit-
ment of inflammatory cells and a concomitant exacerbation of
the inflammatory response. On the other hand, prolonged ac-
tivation of JNK can lead to enhanced apoptosis and compen-
satory proliferation that will favor the selection and outgrowth
of IECs with improved growth and survival characteristics.
However, our analyses did not reveal enhanced nuclear local-
ization of p65/RelA or Bcl3 in CYLD-deficient IECs under
physiological conditions, as has been reported by others in
other cell types and tissues [12, 25]. These findings argue
against a major role of CYLD in maintaining the basal activ-
ities of NF-κB and JNK in IECs. Nevertheless, one cannot
rule out a role for CYLD in the regulation of a subset of
NF-κB- or JNK-dependent genes or the deregulation of these
pathways in CYLD-deficient IECs upon certain stress condi-
tions. Another signaling pathway that has been reported to be
regulated by CYLD and is relevant to the observed phenotype
is the Wnt pathway [26]. More specifically, CYLD can inhibit
the Wnt pathway at least in part by deubiquitinating
Dishevelled. This observation is of particular interest for the
present study, since a hyperactive Wnt pathway is a known
contributor to intestinal tumorigenesis [27]. Although
we cannot exclude a contribution of certain components
of the Wnt pathway, our analysis of β-catenin expres-
sion failed to reveal a dramatic deviation in its expres-
sion or localization in CYLD-deficient intestinal epithe-
lial cells. Finally, it should be noted that the Cyld mu-
tation that was introduced in IECs eliminates the entire
deubiquitinating domain of CYLD. Although loss of the
deubiquitinating function is likely to be the major cause
of the observed phenotype, the elimination of other
properties of CYLD such as scaffolding or regulatory
protein interactions may very well contribute to the observed
phenotype as well. Further elucidation of the specific molec-
ular pathways that mediate the tumor suppressing role of in-
testinal epithelial CYLD in colitis-associated cancer will be
the subject of future studies.
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