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Epidermal p65/NF-kB signalling is essential for

skin carcinogenesis
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Abstract

The nuclear factor kappa B (NF-kB) signalling pathway exhibits
both tumour-promoting and tumour-suppressing functions in
different tissues and models of carcinogenesis. In particular in
epidermal keratinocytes, NF-kB signalling was reported to exert
primarily growth inhibitory and tumour-suppressing functions.
Here, we show that mice with keratinocyte-restricted p65/RelA
deficiency were resistant to 7, 12-dimethylbenz(a)anthracene
(DMBA)-/12-O-tetra decanoylphorbol-13 acetate (TPA)-induced
skin carcinogenesis. p65 deficiency sensitized epidermal keratino-
cytes to DNA damage-induced death in vivo and in vitro, suggest-
ing that inhibition of p65-dependent prosurvival functions
prevented tumour initiation by facilitating the elimination of cells
carrying damaged DNA. In addition, lack of p65 strongly inhibited
TPA-induced epidermal hyperplasia and skin inflammation by
suppressing the expression of proinflammatory cytokines and
chemokines by epidermal keratinocytes. Therefore, p65-dependent
NF-xB signalling in keratinocytes promotes DMBA-/TPA-induced
skin carcinogenesis by protecting keratinocytes from DNA
damage-induced death and facilitating the establishment of a
tumour-nurturing proinflammatory microenvironment.
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Introduction

Cancer development occurs in a multistep process that can be subdi-
vided into tumour initiation, promotion and progression (Hanahan
& Weinberg, 2011). Over the past years, inflammation has emerged
as a crucial mediator of tumour growth and progression. In this
view, immune and stromal cells in the tumour microenvironment
are believed to support the proliferation and survival of neoplastic
cells and to promote vessel growth and tumour cell motility
(Mantovani et al, 2008). Of various signalling cascades involved in

inflammatory processes, the NF-kB pathway has drawn extensive
attention as a key mediator providing a link between inflammation
and tumorigenesis (Karin, 2006). The NF-kB pathway is best known
for its important role in regulating the expression of a large number
of prosurvival and proinflammatory genes including Bcl-2 family
members and several cytokines and chemokines (Pasparakis, 2009).
In addition to its well-characterized function in inflammation and
immunity, an increasing body of evidence supports that deregula-
tion of NF-«B signalling both in tumour cells themselves and in stro-
mal cells controls tumour growth.

In a mouse model of colitis-associated cancer, genetic deletion of
IKK2/IKKB, a kinase-activating canonical NF-«B signalling, in intes-
tinal epithelial cells resulted in reduced tumour numbers by sensitiz-
ing carcinogen-exposed epithelial cells to apoptosis (Greten et al,
2004). In addition, inhibition of NF-kB signalling in mammary
epithelial cells by expression of an IkBo super-repressor (IkBaSR)
reduced tumour development in chemical medroxyprogesterone
acetate (MPA)/7, 12-dimethylbenz(a)anthracene (DMBA)-dependent,
and genetic PyVT- or ErbB2-driven models of mammary
tumorigenesis (Pratt et al, 2009; Liu et al, 2010; Connelly et al,
2011). Moreover, NF-kB inhibition in lung epithelial cells by cell-
specific ablation of IKK2 or p65/RelA or overexpression of IkBaSR
significantly reduced tumour development in vivo in a Kras-driven
model of lung adenocarcinoma (Meylan et al, 2009; Basseres et al,
2010; Xia et al, 2012). In keeping with those reports, studies in a
chemical-induced lung tumour model also supported a protumori-
genic role of NF-kB signalling in epithelial cells (Stathopoulos et al,
2007). Therefore, multiple studies in both chemical- and oncogene-
driven models of carcinogenesis supported a protumorigenic role for
NF-«kB signalling in epithelial cells.

NF-kB signalling has also been shown to exhibit tumour-
suppressing functions in different models. Inhibition of NF-xB
signalling by ablation of IKK2 in hepatocytes resulted in strongly
increased liver tumorigenesis induced by application of the chemical
carcinogen diethylnitrosamine (DEN) (Maeda et al, 2005). More-
over, liver parenchymal -cell-specific knockout of NEMO/IKKy
caused the spontaneous development of hepatocyte apoptosis,
chronic hepatitis and hepatocellular carcinoma in mice, further
supporting a tumour-suppressing function of IKK/NF-kB signalling
in the liver (Luedde et al, 2007). Interestingly, in another model of
liver carcinogenesis driven by biliary inflammation in Mdr2-deficient
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mice, inhibition of NF-kB by IkBaSR expression delayed the appear-
ance of liver tumours (Pikarsky et al, 2004), suggesting that in
hepatocytes, NF-kB can exert both tumour-promoting and tumour-
suppressive functions. In contrast to other epithelial tissues such as
the gut, mammary gland and lung where NF-«B signalling in epithe-
lial cells exerts tumour-promoting functions, NF-kB signalling in
epidermal keratinocytes was shown to oppose tumour development
in the skin. Transgenic mice expressing IkBaSR in epidermal kerati-
nocytes spontaneously developed squamous cell carcinomas (SCCs)
that depended on TNF-mediated skin inflammation (van Hogerlinden
et al, 1999; Lind et al, 2004). In addition, inhibition of NF-xB
signalling in human keratinocytes promoted RAS-mediated transfor-
mation in a xenograft model (Dajee et al, 2003). Therefore, in sharp
contrast to other epithelial cells, NF-kB is believed to exert tumour-
suppressive functions in epidermal keratinocytes.

In order to elucidate the molecular and cellular mechanisms by
which NF-kB mediates its tumour-suppressing functions in skin
carcinogenesis, we studied the role of keratinocyte-intrinsic NF-kB
signalling in a mouse model of skin carcinogenesis. Surprisingly, we
found that mice with epidermal keratinocyte-specific deletion of p65
were resistant to DMBA-/TPA-induced skin tumorigenesis. Mecha-
nistically, NF-xB inhibition in Kkeratinocytes prevented tumour
development by acting both during the initiation and promotion
phases of skin carcinogenesis. Therefore, in contrast to its previ-
ously suggested tumour-suppressive role in the epidermis, our
results show that p65-dependent NF-«xB signalling exerts a tumour-
promoting function in epidermal keratinocytes that is essential for
DMBA-/TPA-induced skin carcinogenesis.

Results
Epidermal p65 is essential for skin tumorigenesis

We generated mice with specific deletion of the p65 gene in epider-
mal keratinocytes (p65<°) by crossing mice carrying p65 floxed
(p65FL) alleles (Luedde et al, 2008) with K14-Cre transgenic mice
expressing Cre recombinase under the control of the keratin-14
(K14) promoter (Hafner et al, 2004). p65=° mice were born at
Mendelian ratio and reached adulthood without showing apparent
abnormalities. Immunoblot analysis of epidermal protein extracts
showed that p65 was efficiently ablated in the epidermis of p65=<°
mice (Fig 1A). Interestingly, the loss of p65 resulted in decreased
expression of the RelB and c-Rel NF-kB subunits, consistent with
the notion that they are transcriptionally regulated by NF-xB (Hannink
& Temin, 1990; Bren et al, 2001). Immunohistological analysis
of skin sections from p65%°® mice showed a normal epidermal—
dermal organization and a normally differentiated stratified epider-
mis (Fig 1B). Therefore, as shown previously by Rebholz et al
(2007) keratinocyte-specific p65 deficiency did not affect the devel-
opment and differentiation of the epidermis, in contrast to a previ-
ous report that showed that skin grafts from p65-deficient embryos
developed epidermal hyperplasia and suggested that p65 regulates
normal epidermal proliferation and differentiation (Zhang et al,
2004).

To study the role of epidermal NF-kB signalling in skin carci-
nogenesis, we analysed the response of p65°<°, heterozygous
p65™T and control p65™ mice to a well-established model of
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two-stage chemical carcinogenesis. Tumour initiation was elicited
by a single topical application of 100 nmol DMBA, and tumour
promotion was induced by twice weekly topical treatment with
S nmol 12-O-tetra decanoylphorbol-13 acetate (TPA) for up to
21 weeks (Fig 1C). Mice were macroscopically monitored for the
development of papillomas during the course of the experiment
and were sacrificed after week 21 when tissues were collected
for further analysis. At the end of the regime, most p65™ mice
developed outwardly growing typical papillomas with an average
of three tumours per mouse, consistent with previous reports
showing that C57BL/6 mice are relatively resistant to DMBA-/
TPA-induced skin tumorigenesis (Abel et al, 2009). In sharp
contrast to their littermate control animals, p65™%° mice were
almost completely resistant to tumour formation (Fig 1D and E)
under the same protocol, with only 2 out of 21 mice developing
a small single papilloma each. p65%"T mice developed papillomas
similarly to p65™ mice demonstrating that heterozygous loss of
p65 in the epidermis was not sufficient to prevent tumour devel-
opment (Fig 1D and E). This finding also shows that the resis-
tance of p65F° mice to DMBA-/TPA-induced skin tumours
cannot be attributed to Cre recombinase expression in Kkeratino-
cytes. Therefore, p65-dependent NF-kB activation in epidermal
keratinocytes is required for efficient DMBA-/TPA-induced skin
tumorigenesis.

NF-kB prevents DNA damage-induced cell death

In order to understand the mechanisms by which p65 deficiency
prevented tumour development in p65%%° mice, we first analysed
the effect of p65 loss on tumour initiation. During the first step of
the DMBA/TPA skin tumorigenesis protocol, DMBA acts as a DNA
mutagen in epidermal keratinocytes after being metabolized by resi-
dent skin Langerhans cells (LCs) (Modi et al, 2012). To rule out the
possibility that the resistance of p65%° mice to tumour develop-
ment could be a consequence of impaired DMBA metabolism, we
investigated DNA damage responses (DDR) in the epidermis of
p65¥%° and control mice by examining the phosphorylation of
histone H2AX, yH2AX, which is generated in the vicinity of DNA
damage lesions (Lukas et al, 2011). Immunostaining of skin sections
with yH2AX-specific antibodies revealed that 8 h after a single topi-
cal application of 400 nmol of DMBA, epidermal cells in p655<° and
their p65™ littermates showed similar formation of well-defined
vH2AX foci, indicating that metabolism of DMBA and activation of
DDR are intact in p65™€° mice (Fig 2A). In addition, immunohisto-
chemical analysis of epidermal sheets revealed that keratinocyte-
restricted p65 deficiency did not affect the numbers of Langerhans
cells in the epidermis (Supplementary Fig S1). Interestingly, while
most YH2AX foci began to disappear in the epidermis of the control
animals at 24 h after DMBA treatment, the epidermis of p65™<°
frequently contained cells showing pan-nuclear staining of yH2AX
at this time point (Fig 2A). Since nuclear panstaining of YH2AX has
been reported to correlate with cell death in certain circumstances
(Solier & Pommier, 2009; de Feraudy et al, 2010), this finding could
indicate the presence of increased numbers of dying cells in the
epidermis of p65™° mice. Indeed, TdT-mediated dUTP nick end
labelling (TUNEL) staining revealed strongly increased numbers of
dead keratinocytes in the skin of p65™° compared to p65™
24 h after a single topical application of 400 nmol (Fig 2B)

mice

mice
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Figure 1. Mice with epidermal keratinocyte-restricted ablation of p65 are resistant to skin carcinogenesis.

A Protein extracts prepared from epidermis obtained from tail skin of adult p65™, p655"" and p65°“® mice were analysed by immunoblotting with the indicated

antibodies.

B Representative images of skin sections from adult p65™ and p65¥° mice stained with haematoxylin and eosin (H&E) or immunostained with antibodies against
keratin 14 and loricrin (red). DNA was stained with DAPI (blue). Scale bar: 50 pm.

C Schematic depiction of the 7, 12-dimethylbenz(a)anthracene (DMBA)/12-O-tetra decanoylphorbol-13 acetate (TPA) skin carcinogenesis protocol used.

D Table showing tumour incidence from three independent experiments in groups of mice with the indicated genotypes. The number of animals showing tumours/the
total number of animals per genotype are presented as counted at the end of the experiment.

E Tumour incidence presented as the percentage of mice with tumours (left panel) and mean tumour number per mouse (mean + SEM) (right panel). Results from
three independent experiments were pooled. p657™ (n = 21), p65¥© (n = 21) and p65-"" (n = 10).

Source data are available online for this figure.

or 100 nmol of DMBA (Supplementary Fig S2). To explore if primary keratinocytes derived from p6

the increased sensitivity of p65-deficient keratinocytes to DNA
damage-induced death is DMBA specific, we tested the responses of
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ment with other genotoxic agents. P65-deficient keratinocytes
showed increased death compared to wild-type cells in response to
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treatment with doxorubicin (DOX), a DNA topoisomerase inhibitor,
or methyl methanesulphonate (MMS), an alkylating agent (Fig 2C).
Therefore, loss of p65 sensitized keratinocytes to DNA damage-
induced cell death regardless of the mode of action of DNA damag-
ing agents. Since the survival of mutation-bearing cells is critical for
tumour initiation in chemically induced models of carcinogenesis,
these results suggest that epidermal p65 deficiency protects mice
from DMBA-/TPA-induced skin tumorigenesis, at least in part, by
sensitizing keratinocytes to DNA damage-induced death.

P65 deficiency does not alter DNA damage-induced p53 signalling
in keratinocytes

In response to DNA damage, the tumour suppressor protein p53 is
stabilized leading to cell cycle arrest, senescence and cell death
(Meek, 2009). Since previous studies suggested that the NF-xB and
p53 pathways interact (Ryan et al, 2000; Tergaonkar et al, 2002),
we sought to determine whether p65 deficiency affected DNA
damage-induced activation of p53 in keratinocytes. Immunostaining
of skin sections obtained from mice 24 h after application of
400 nmol (Fig 3A) or 100 nmol (Supplementary Fig S3) of DMBA
failed to reveal differences in p53 stabilization in the epidermis of
p65™€C and control mice, suggesting that p65 deficiency did not
affect p53 activation. Of note, immunohistochemical assessment of
p53 expression in the skin of untreated mice revealed that, in
contrast to p65™ mice that did not show p53 staining, the epidermis
of p65™° mice contained a small number of keratinocytes showing
nuclear p53 staining (Supplementary Fig S3). This seems to be the
effect of DNA damage induced by Cre recombinase expression
rather than p65 ablation, since Kl4cre animals not carrying p65S
floxed alleles also showed a similar staining pattern (Supplementary
Fig S3). Nevertheless, our results showing that mice with heterozy-
gous epidermis-specific knockout of p65 (p65°"'T) developed skin
tumours similarly to p65"™" mice after DMBA/TPA treatment (Fig 1D
and E) demonstrate that this low level DNA damage induced by Cre
recombinase did not have a measurable effect in DMBA-/TPA-
induced skin tumorigenesis.

To further address the cell-intrinsic role of p65 in the DDR, we
also examined the activation of the DDR in primary keratinocytes
from p657%° and control mice after treatment with DOX or MMS.
In response to DNA damage, p65-deficient and wild-type keratino-
cytes showed similar kinetics of KAP-1 phosphorylation, a marker
of DNA damage (White et al, 2006), indicating that the absence of
p65 did not affect the initiation of the DDR (Fig 3B). In addition,
the absence of p65 did not alter the kinetics of DNA damage-
induced p53 protein stabilization (Fig 3B) or p53 mRNA expression
(Supplementary Fig S4) in primary keratinocytes consistent with
our in vivo findings. To further assess the activation of p53, we
measured the expression of a number of classical p53 target genes
in keratinocytes treated with DOX or MMS. gRT-PCR analysis of
Bax, Bbc3, Cdknla, MDMZ2, Bid and Bakl mRNA levels did not
reveal differences between p65-deficient and wild-type keratino-
cytes, providing further evidence that the absence of p65 did not
affect the p53 response after DNA damage in keratinocytes (Fig 3C
and Supplementary Fig S4). Collectively, these results showed that
the increased sensitivity of p65-deficient keratinocytes to DNA
damage-induced death is not due to an altered activation of the
p53 pathway.

© 2014 The Authors
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Reduced clAP2 expression in p65-deficient keratinocytes

The activation of NF-kB protects cells from cytotoxic stress by
regulating the expression of genes promoting cell survival (Baldwin,
2012). We therefore examined whether the absence of p65
resulted in impaired DNA damage-induced expression of a
number of classical NF-kB-dependent survival genes. Unexpect-
edly, we were not able to detect significant down-regulation of
most NF-kB-dependent survival genes in DOX- or MMS-treated
p65-deficient keratinocytes compared to similarly treated wild-type
cells (Fig 4). Nevertheless, we found that the basal expression
level of Birc3, the gene encoding the anti-apoptotic protein cIAP2
that has been implicated in cell survival in response to DNA
damage (Tenev et al, 2011), was strongly impaired in p65°K©
keratinocytes suggesting that the transcription of Birc3 is p65
dependent (Fig 4). Interestingly, the expression of other Birc gene
family members including Birc2 and Xiap was not affected in the
absence of p65. This result is consistent with previous studies
reporting that Birc3 is a p65-specific transcriptional target (Chen
et al, 2003; Zhao et al, 2011). In addition, we found that the
Tnfaip3 gene encoding A20 was down-regulated in p65-deficient
keratinocytes in response to DOX, but not to MMS (Fig 4). These
results indicate that impaired expression of cIAP2 and perhaps
other prosurvival proteins such as A20 could contribute to the
increased susceptibility of p65-deficient keratinocytes to DNA
damage-induced death.

Epidermal p65 is indispensable for TPA-induced skin
inflammation and keratinocyte proliferation

In the DMBA-/TPA-induced model of skin carcinogenesis, repeated
applications of TPA are required for tumour promotion after DMBA-
induced tumour initiation. TPA induces skin inflammation and
epidermal hyperplasia providing a permissive microenvironment for
the survival and expansion of keratinocytes carrying DNA mutations
during the early stages and ultimately tumour growth. Because NF-
kB is also known to participate in inflammation and cell cycle
control (Karin, 2006; Pasparakis, 2009; Baldwin, 2012), we hypothe-
sized that p65 might act in keratinocytes to regulate TPA-induced
tumour promotion and examined whether epidermis-specific p65
deficiency affected TPA-induced inflammatory epidermal hyperpla-
sia. We first analysed the response of p65%%° and their p65™" litter-
mates to a single topical application of a high dose (25 nmol) of
TPA. In p65™ mice, TPA elicited a strong inflammatory response in
the skin, macroscopically visible with a high level of erythema, scal-
ing and some focal erosion 48 h after treatment. In sharp contrast,
the skin of p65*%° animals did not show any sign of irritation after
similar TPA treatment (Fig SA). It should be noted that the dose of
TPA we applied in this experiment was 5 times higher than the dose
we used for the repeated TPA treatments during the carcinogenesis
protocol. We therefore proceeded with a more detailed analysis of
the response of the skin to 5 nmol TPA, which is the dose applied
repeatedly during the tumour promotion phase. A single application
of 5 nmol TPA did not induce macroscopically visible skin inflam-
mation in p65™ mice. However, histological analysis of skin
sections revealed strongly increased epidermal thickness and dermal
cellularity in p65™ mice 24 and 48 h after TPA treatment. In
contrast, TPA treatment induced only mild epidermal thickening in

EMBO Molecular Medicine Vol 6 | No 7| 2014

973



EMBO Molecular Medicine Epidermal p65 in skin carcinogenesis Chun Kim & Manolis Pasparakis

A yH2AX
Untreated 8 h after DMBA 24 h after DMBA
p65FL
. 40 p65EKO
= 30
]
S 25
c
2 20
B
g 15 T
o E 10
i T
3 s p
o
0
0 8 24
Time after DMBA
(h)
B
Untreated 24 h after DMBA
% %k %k
35 _l
FL
T 30, P
p65FL = p65EKO
@ 25
8
o 20
2
% 15
o
1%
: g 1
z
p65EKO E 5
o il
0 24
Time after DMBA (h)
C 1401 140 - .
* %k %k
120 120
g 100 § 100,
2 80 ; 80
S 60 T 60
S 8
40 > 40
20- 20+
0 i 0+
0 0.002 002 02 2 0 0.002002 02 2
DOX (uM) MMS (mM)

Figure 2. p65-deficient keratinocytes are sensitive to DNA damage-induced cell death.

A Sections of dorsal skin obtained from mice with the indicated genotypes that were untreated or treated with 400 nmol of 7, 12-dimethylbenz(a)anthracene (DMBA)
were immunostained against YH2AX. Pictures in dashed lined boxes represent magnified images of skin epidermis. Arrowheads indicate pan-nuclear staining of
YH2AX. Data shown are representative of two independent experiments performed with 4-5 mice per group. The bar graph shows the average number of nuclei
showing the typical punctate yH2AX-positive foci in the epidermis per optical field & SD. Scale bar: 50 pm.

B TdT-mediated dUTP nick end labelling (TUNEL) staining of dorsal skin sections obtained from untreated or DMBA-treated mice with the indicated genotypes. The
pictures are representative of two independent experiments carried with 4-5 mice per group. The bar graph shows the average number of TUNEL-positive cells per
field &+ SD. ***P = 0.0041. Scale bar: 50 pm.

C Primary keratinocytes from p657- and p65°“° mice were treated with the indicated concentrations of doxorubicin (DOX) or methyl methanesulphonate (MMS), and
cell viability was measured by neutral red uptake assay. The graphs are representative of three independent experiments. The values represent mean + SD of 7
replicates. ***P = 0.0048; *P = 0.0217.
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Figure 3. p65 deficiency does not affect DNA damage-induced p53 signalling in keratinocytes.

A Immunohistochemical analysis of p53 expression in dorsal skin sections from p65™" and p655C mice treated with 400 nmol of 7, 12-dimethylbenz(a)anthracene

(DMBA). Scale bar: 50 pum.

B Total cell extracts from 0.5 pM doxorubicin (DOX)- or 0.5 mM methyl methanesulphonate (MMS)-treated primary keratinocytes were analysed with immunoblotting
with the indicated antibodies. Data shown are representative of two independent experiments.

C Real-time gPCR analysis of p53 target gene expression in keratinocytes at different time points after 0.5 uM DOX or 0.5 mM MMS treatment. Expression levels are
presented relative to that of the ‘housekeeping’ gene Ppia (mean + SD of triplicates). Data are representative of three independent experiments.

Source data are available online for this figure.
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Figure 4. p65-deficient keratinocytes show reduced expression of Birc3.
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A, B gRT-PCR expression analysis of survival genes in wild-type and p65-deficient primary mouse keratinocytes treated with 0.5 uM doxorubicin (DOX) (A) or 0.5 mM
methyl methanesulphonate (MMS) (B). Expression levels are presented relative to that of the ‘housekeeping’ gene Ppia (mean £ SD of triplicates of two biologically
different samples per genotype in each experimental group). Data are representative of three independent experiments. (A) Birc3 (At 0, 8 and 24 h, ***P = 0.0005,
***p = 0.0021 and **P = 0.0086, respectively); Tnfaip3 (At 24 h, *P = 0.0186).
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(B) Birc3 (At 0, 8 and 24 h, ***P = 0.0001, ***P = 0.0043 and **P = 0.0094, respectively).
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p65EKO mice (Fig 5B). Immunostaining of skin sections with
antibodies recognizing phosphorylated histone-3, a mitotic marker,
revealed strongly increased keratinocyte proliferation in the epider-
mis of p65™ mice compared to p65*<° animals (Fig 5C), demon-
strating that the p65-deficient epidermis failed to elicit a strong
hyperplastic response upon TPA treatment.

To examine the induction of skin inflammation by TPA, we first
assessed the presence of myeloid cells in the skin of p65™ and
p65™%° mice before and after TPA treatment. Untreated p65™" and
p655%° mice had similar numbers of skin-resident F4/80-positive
macrophages suggesting that epidermal p65 deficiency did not affect
basal immune homoeostasis in the skin. A single application of
5 nmol TPA induced strong infiltration of macrophages (F4/80 posi-
tive) and granulocytes (Ly6G positive) in the skin of p65™ mice
(Fig 6A). In contrast, the skin of similarly treated p65°° mice
contained substantially reduced numbers of macrophages and gran-
ulocytes compared to p65™ mice (Fig 6A), demonstrating that
epidermal p65 deficiency largely prevented the TPA-induced recruit-
ment of myeloid cells in the skin. Furthermore, the skin of p65=<©
mice showed strongly reduced expression of Cxcll/2, two chemo-
kines that are important for the recruitment of granulocytes (Lazennec
& Richmond, 2010), as well as TNF, a cytokine previously shown to
regulate DMBA-/TPA-induced skin carcinogenesis (Moore et al,
1999; Suganuma et al, 1999), after TPA treatment compared to the
skin of p65™ mice (Fig 6B). The impaired expression of TNF and
Cxcl1/2 in the skin of p65%° mice could be due to reduced expres-
sion of these mediators in both epidermal and other dermal and
immune cell populations. In order to specifically address the kerati-
nocyte-intrinsic function of p65 in regulating TPA-induced inflam-
matory gene expression, we used cultured primary epidermal
keratinocytes. TPA stimulation induced strong expression of Tnf,
Cxcll/2 and Ccl2 in wild-type but not in p65-deficient primary kerati-
nocytes demonstrating that the TPA-induced expression of these
inflammatory mediators in keratinocytes requires p65 (Fig 6C).
Therefore, epidermal keratinocyte-specific ablation of p65 inhibited
the TPA-induced expression of chemokines and cytokines and the
tumour-promoting inflammatory hyperplastic response in the skin.

Discussion

The role of NF-xB in tumour development is complex, exhibiting
both tumour-promoting and tumour-suppressive properties. In the
skin, NF-xB signalling in epidermal keratinocytes has been
suggested to perform primarily tumour-suppressing functions. Our
results presented here contrast with this notion and show that p65-
dependent NF-«xB signalling in epidermal keratinocytes promotes
skin tumour formation in the DMBA/TPA model of two-stage skin
carcinogenesis. Mechanistically, we found that epidermal p65 defi-
ciency affected both DMBA-induced tumour initiation and TPA-
induced tumour promotion. p65 deficiency sensitized keratino-
cytes to DNA damage-induced death in vivo and in vitro, suggest-
ing that inhibition of NF-kB prevented tumour initiation by
facilitating the clearance of cells bearing damaged DNA. Further-
more, p65 deficiency prevented TPA-induced expression of proin-
flammatory cytokines and chemokines by epidermal keratinocytes
in vivo and in vitro, resulting in impaired recruitment of inflamma-
tory cells to the skin. Keratinocyte-specific p65 deficiency also
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prevented TPA-induced epidermal hyperplasia. Therefore, p65-
mediated NF-kB activation in keratinocytes is also required for effi-
cient TPA-mediated tumour promotion by regulating the release of
cytokines and chemokines that induce skin inflammation and
epidermal hyperplasia.

Our results support a tumour-promoting role of epidermal p65/
NF-«B signalling, in contrast with previous studies, suggesting that
NF-kB displays primarily tumour-suppressive functions in keratino-
cytes. Dajee et al showed that expression of an IkBa super-repressor
mutant (IkBaSR) prevented growth arrest induced by oncogenic
Ras in primary human keratinocytes resulting in the formation of
SCCs upon transplantation into immunodeficient mice. Importantly,
keratinocytes expressing IkBaSR or Ras alone failed to establish
tumours, suggesting that NF-kB inhibition by itself was not suffi-
cient to trigger tumorigenesis but synergized with oncogenic Ras to
support neoplastic transformation. Since tumours induced in the
DMBA/TPA model of skin carcinogenesis usually Ras mutations, it
is interesting that IkBaSR expression in the study by Dajee et al had
opposing effects in Ras-mediated tumorigenesis compared to our
studies using epidermal p65 deficiency. These contradicting results
could be explained by the different nature of the two models. In the
DMBA/TPA model, Ras mutations are induced by a chemical
carcinogen causing DNA damage followed by an inflammation-
dependent phase of tumour promotion, while in the experiments
performed by Dajee et al, oncogenic Ras was delivered to keratino-
cytes by retroviral expression vectors. We cannot exclude that
when tumour initiation and promotion are bypassed by overexpres-
sion of oncogenic Ras, then NF-xB displays tumour-suppressing
properties. Another difference that might have contributed to the
different outcome in the two models is that the tumorigenic capac-
ity of human keratinocytes expressing IkBaSR and oncogenic Ras
was assessed by transplantation into immunodeficient mice, while
in our experiments, the mice were immune competent. Further-
more, considering the complexity of the NF-kB signalling cascade, it
is also possible that while both IkBaSR expression and p65 defi-
ciency are generally and widely accepted means to inhibit NF-kB-
dependent gene expression, they might induce qualitatively differ-
ent effects on NF-kB activation that differentially affect epidermal
tumorigenesis. For example, the composition of NF-kB dimers in
p65-deficient cells is different from wild-type cells, including an
increased nuclear accumulation of p5S0 homodimers (Luedde et al,
2008), which may further potentiate inhibition of NF-kB-dependent
gene expression by binding to kB sites and suppressing the expres-
sion of specific target genes. In addition, IxkBa does not bind all NF-
«B dimers with equal affinity therefore overexpression of IkBaSR is
also likely to have complex effects on NF-xB dimer availability
and gene expression regulation that are still poorly understood
(Oeckinghaus & Ghosh, 2009). Moreover, IkBaSR overexpression
could also potentially mediate additional NF-kB-independent func-
tions. For example, IkBo has been reported to act in the nucleus to
directly repress the expression of Notch genes by associating with
nuclear co-repressors and histone acetyltransferases and deacetylases
(Aguilera et al, 2004). Since Notch inhibition in keratinocytes
promoted epidermal tumorigenesis (Demehri et al, 2009), IkBaSR
overexpression in the epidermis could potentially enhance tumour
development by interfering with the expression of Notch target
genes. In addition, a recent study showed that chromatin-bound
IxkBo regulates a subset of Polycomb target genes controlling

EMBO Molecular Medicine Vol 6 | No 7| 2014

977



EMBO Molecular Medicine Epidermal p65 in skin carcinogenesis ~ Chun Kim & Manolis Pasparakis

24 h after TPA p65Ft
. = B e 707 p65EKO
E 60-
c
7, *
g 50
3
S ':-(',“3"-‘”“ s 40
ASEESEE N %5
© 304
w
g
£ 207
E
107
0 24 48
Time after TPA (h)

Untreated 24 h after TPA
- = .
v 1 3 E ,.' - 'H| 2 5
pesrt | ¥ . . L F
% . » A | R
BeNF 2D 5 .~ y o e
2 5 ir 8 v > — &
$x -
‘\. . “
> a " TR - ] . i -
. i Y o G _ |
65EKO ; : gAY _
p A e mm e m ey
b:‘ _';_ ;
, g % e :
2 agda ‘ i '3 -

Figure 5. 12-O-tetra decanoylphorbol-13 acetate (TPA)-induced epidermal hyperplasia is impaired in p655° mice.

A Representative macroscopic images of dorsal skin of p657- and p655“° mice 48 h after a single topical application of a high dose (25 nmol) of TPA. Three mice per
group were used in the experiment.

B H&E staining of dorsal skin from p65™" and p65°C mice that were untreated or treated with 5 nmol of TPA. Pictures shown are representative of two independent
experiments performed with 4-5 animals per group. The bar graph shows the average epidermal thickness of animals in each group + SD. *P = 0.039; ***P = 0.0041.
Scale bar: 50 pm.

C Sections from dorsal skin of p65™ and p655“° mice that were untreated or treated with 5 nmol of TPA were analysed by immunohistochemistry for phosphorylated
histone 3. Data shown are representative of two independent experiments performed with 4-5 animals per group. Scale bar: 50 pum.
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Figure 6. 12-O-tetra decanoylphorbol-13 acetate (TPA)-induced inflammatory responses are attenuated in p65° mice.

A Skin sections from p657- and p65°“® mice that were untreated or treated with 5 nmol of TPA were immunostained with antibodies against F4/80 or Ly6G. Data
shown are representative of two independent experiments with 4-5 animals per group. Scale bar: 50 pum.

B Quantitative real-time PCR analysis of the expression of TNF, Cxcl1 and Cxcl2 mRNA in skin tissues from p6!

SFL SEKO

and p6 mice that were untreated or treated with

5 nmol of TPA (3 mice per group). Expression levels are presented relative to that of the ‘housekeeping’ internal control gene Ppia (mean =+ SD). Data are
representative of two independent experiments. Tnf (*P = 0.0321); Cxcl1 (*P = 0.0487 at 24 h, *P = 0.0209 at 48 h); Cxcl2 (*P = 0.0356).

C Quantitative real-time PCR analysis of the expression of TNF, Cxcl1, Cxcl2 and Ccl2 mRNA in primary keratinocytes from p65™ and p65™° mice before and after
treatment with 100 nM TPA. Expression levels are presented relative to that of Ppia (mean =+ SD. of triplicates of two biologically different samples per genotype in

each experimental group).

Data are representative of two independent experiments.
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differentiation and cancer in keratinocytes (Mulero et al, 2013),
further supporting an NF-kB-independent function of IkBo in skin
carcinogenesis. Taken together, the opposing results obtained in
our study compared to the work of Dajee et al likely reflect the
complexity of the NF-kB signalling system and its regulators and
suggest that more studies are needed in order to fully understand
the multifaceted role of this pathway in cancer development.

In another study, transgenic mice expressing IkBaSR in epidermal
keratinocytes developed spontaneous skin tumours in the FVB/N
genetic background (van Hogerlinden et al, 1999). However, in this
case, tumour development was preceded by skin inflammation and
epidermal hyperplasia that depended on TNF signalling as the skin
lesions did not develop when the mice were crossed into the TNFR1-
deficient genetic background (Lind et al, 2004). We previously
showed that mice lacking IKK2 or NEMO specifically in epidermal
keratinocytes (IKK2EX© and NEMO®X®, respectively) spontaneously
developed severe TNFR1-dependent inflammatory skin lesions and
died about 10 days after birth (Pasparakis et al, 2002; Nenci et al,
20006). Although knockout of IKK subunits may also induce NF-xB-
independent effects, the findings that both IkBaSR overexpression
and ablation of IKK2 or NEMO in the epidermis resulted in skin
inflammation demonstrate that epidermal NF-kB signalling regulates
skin immune homoeostasis. The development of skin tumours in the
KS5-IkBaSR transgenic mice is likely the consequence of the strong
inflammatory response induced by the disturbance of homoeostatic
NF-«B signalling in the epidermis and the high susceptibility of the
FVB/N strain to tumour development (Hennings et al, 1993).

Although our findings contrast with previous reports suggesting
a tumour-suppressing role of NF-kB in the epidermis, they are
consistent with a number of other studies suggesting a tumour-
promoting role for NF-kB in epithelial tissues. NF-kB has been
suggested to support oncogenic RAS-mediated tumorigenesis in
fibroblasts, and different epithelial cells by providing survival and
proliferation signals (Mayo et al, 1997; Meylan et al, 2009;
Basseres et al, 2010; Xia et al, 2012). In addition, one recent study
showed that in keratinocytes, oncogenic Ras-induced cell dediffer-
entiation and proinflammatory gene expression are largely depen-
dent on NF-xB (Cataisson et al, 2012). Taken together, our results
demonstrate that p65-dependent NF-kB activation in epidermal
keratinocytes promotes inflammation-associated tumour develop-
ment by regulating the survival of cells exposed to DNA damage
and the establishment of a tumour-promoting inflammatory micro-
environment.

Materials and Methods
Mice and skin carcinogenesis

Mice with loxP-flanked p65 alleles were previously described
(Luedde et al, 2008). At 7-9 weeks of age, a patch of dorsal hair
from each mouse was removed using an electric hair clipper
(ER121; Panasonic) and a fine electric shaver (ES 7036; Panasonic).
Three days after hair removal, a single initiation dose (100 nmol) of
DMBA (D3254; Sigma) in 100 pl acetone (A1600; Applichem) was
applied to the shaved area using a brush. Starting 1 week after
DMBA application, the DMBA-initiated area was treated twice
weekly with 5 nmol of TPA (P1585; Sigma) in 100 pl acetone. The
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appearance of tumours was monitored and recorded every 2 weeks.
Papillomas that were bigger than a diameter of 1 mm and were
present for longer than 2 weeks were counted. The tumour inci-
dence and the number and the size of tumours per mouse were
examined for 21 weeks. All animal procedures were conducted in
accordance with European, national and institutional guidelines and
protocols and were approved by local government authorities
(Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen, Germany).

Single DMBA or TPA topical treatment

Hairs on the back skin of 7- to 9-week-old animals were shaved
3 days before a DMBA or TPA single treatment. Four hundred nmol
of DMBA in acetone or either 5 or 25 nmol of TPA in acetone was
applied to the shaved back skin of mouse as described in the main
text.

Histological analysis

Skin samples were embedded in paraffin and cut in 5-um sections.
In order to evaluate basic histopathological features, the sections
were stained with haematoxylin and eosin and examined under a
microscope. Several immunohistochemical markers were examined
at different time points as described in the figure legends. The
following antibodies were used: K14 (MS115; Thermoscientific),
Loricrin (PRB-145P; Covance), YH2AX (05-636; Millipore), p53
(NCL-p53-CMSp; Leica), Phospho-Histone H3 (9701; Cell signal-
ling), F4/80 (MCAP497; Serotec), Ly6G (551459; BD), anti-Mouse
IgG-Alexa594 (A11005; Invitrogen), anti-Rabbit IgG-Alexa594
(A11012; Invitrogen), anti-Rabbit IgG-Biotin (NEF813; Perkin
Elmer), anti-Mouse IgG-Biotin (BA-9200; Biozol) and anti-Rat IgG-
Biotin (E0468; Dako). TdT-mediated dUTP nick end labelling assay
was performed using DeadEnd™ Fluorometric TUNEL System
(G3250; Promega).

Primary keratinocyte culture

Keratinocytes were obtained from 2- to 3-day-old mice as described
(Lichti et al, 2008) with a minor modification. In brief, the epidermis
was separated from the dermis by incubation in 0.25% trypsin at 4°C
overnight. The isolated keratinocytes from the epidermal sheet were
cultured in medium composed of Eagle’s Minimum Essential Medium
(EMEM) (06-174G; Lonza), 10 mM HEPES (15630; Gibco), Antibiotic-
Antimycotic (15240; Gibco), 50 uM CaCl,, 4% chelex-treated fetal
calf serum (FCS) and 10 ng/ml epidermal growth factor (EGF). Colla-
gen-coated tissue culture dishes were purchased from BD science.

Immunoblot analysis

Protein extracts were separated on SDS-PAGE and were transferred
to a PVDF membrane (IPVH00010; Millipore). SuperSignal West Pico
Chemiluminescent substrate (34080; Thermo) was used to visualize
the signal. The membranes were reprobed after incubation in strip-
ping buffer (21059; Thermo). Antibodies against the following
proteins were used: p65 (sc-372; Santacruz), RelB (4922; Cell signal-
ing), c-Rel (sc-71; Santacruz), Tubulin (T6074; Sigma), Phospho-
KAP-1 (A300-767A; Bethyl) and p53 (2524; Cell signalling).

© 2014 The Authors
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The paper explained

Problem

The NF-xB signalling pathway has received extensive attention for
its role in tumorigenesis. Studies in mouse models revealed both
tumour-promoting and tumour-suppressing roles of NF-xB in differ-
ent tissues and cancer models. In the skin, the current literature
supports a tumour-suppressing role of NF-kB, in contrast to the
generally accepted tumour-promoting function of NF-kB in other
epithelial tissues such as the intestine and the lung. This is an
important unresolved controversy that requires further experimental
validation.

Results

We show that mice with epidermal keratinocyte-restricted defi-
ciency of p65/RelA, the main NF-kB subunit, were protected from skin
cancer induced by DMBA/TPA. Mechanistically, we provide evidence
that inhibition of p65-dependent NF-kB signalling sensitized keratino-
cytes to DNA damage-induced death in vivo and in vitro, thus facilitat-
ing the elimination of cells carrying DNA mutations. In addition,
suppression of p65-dependent NF-kB activation in keratinocytes
strongly reduced TPA-mediated skin inflammation and epidermal
hyperplasia by preventing the TPA-induced proinflammatory cytokines
and chemokines.

Impact

Our results demonstrate that p65-mediated NF-xB signalling in
epidermal keratinocytes is required for skin tumour development and
challenge the currently prevailing model of a primarily tumour-
suppressing role of NF-xB in the epidermis.

Cell death assay

Primary Kkeratinocytes were seeded in collagen-coated 96-well
plates. Seventy-two hours after incubation with indicated amounts
of DOX (D1515; Sigma) or MMS (129925; Sigma), cell viability was
measured by neutral red assay as described (Repetto et al, 2008).

Gene expression analysis

Total RNA from skin tissues or keratinocytes treated with DOX or
MMS was purified using TRIzol (15596018; Invitrogen) and RNA
spin column (740955; Macherey-Nagel). The synthesized cDNA
(18080-051; Invitrogen) was added to PCR master mix (4367659;
Applied biosystems), and quantitative real-time PCR was performed
in a PCR machine (7900HT; Applied biosystems).

Statistics
Statistical analyses were performed with unpaired Student’s t-test.

Supplementary information for this article is available online:
http://embomolmed.embopress.org

Acknowledgements

We are grateful to Daniela Beier, Julia von Rhein and Elza Mahlberg for
preparing tissue sections. This work was supported by the Deutsche Krebshilfe
(Grant 110302), the Deutsche Forschungsgemeischaft (SFB670, SFB829), Euro-
pean Commission FP7 programme grants ‘Masterswitch’ (EC contract number
223404) and ‘Inflacare’ (EC contract number 223151), the Helmholtz Alliance

© 2014 The Authors

EMBO Molecular Medicine

Preclinical Comprehensive Cancer Center (PCCC) and the European Research
Council (ERC-2012-ADG_20120314) to M.P. C.K. was supported by a Humboldt
research fellowship and an EMBO long-term fellowship.

Author contributions
CK conducted all experiments. CK and MP designed the study, analysed the
data and wrote the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Abel EL, Angel |M, Kiguchi K, DiGiovanni | (2009) Multi-stage chemical
carcinogenesis in mouse skin: fundamentals and applications. Nat Protoc
4:1350-1362

Aguilera C, Hoya-Arias R, Haegeman G, Espinosa L, Bigas A (2004) Recruitment
of lkappaBalpha to the hesl promoter is associated with transcriptional
repression. Proc Natl Acad Sci U S A 101: 16537 —16542

Baldwin AS (2012) Regulation of cell death and autophagy by IKK and
NF-kappaB: critical mechanisms in immune function and cancer. Immunol
Rev 246: 327 —345

Basseres DS, Ebbs A, Levantini E, Baldwin AS (2010) Requirement of the
NF-kappaB subunit p65/RelA for K-Ras-induced lung tumorigenesis. Cancer
Res 70: 3537 —3546

Bren GD, Solan NJ, Miyoshi H, Pennington KN, Pobst LJ, Paya CV (2001)
Transcription of the RelB gene is regulated by NF-kappaB. Oncogene 20:
77227733

Cataisson C, Salcedo R, Hakim S, Moffitt BA, Wright L, Yi M, Stephens R, Dai
RM, Lyakh L, Schenten D et al (2012) IL-1R-MyD88 signaling in
keratinocyte transformation and carcinogenesis. | Exp Med 209:
1689-1702

Chen X, Kandasamy K, Srivastava RK (2003) Differential roles of RelA (p65)
and c-Rel subunits of nuclear factor kappa B in tumor necrosis
factor-related apoptosis-inducing ligand signaling. Cancer Res 63:
1059-1066

Connelly L, Barham W, Onishko HM, Sherrill T, Chodosh LA, Blackwell TS, Yull
FE (2011) Inhibition of NF-kappa B activity in mammary epithelium
increases tumor latency and decreases tumor burden. Oncogene 30:
1402-1412

Dajee M, Lazarov M, Zhang JY, Cai T, Green CL, Russell A, Marinkovich MP,
Tao S, Lin Q, Kubo Y et al (2003) NF-kappaB blockade and oncogenic Ras
trigger invasive human epidermal neoplasia. Nature 421: 639—-643

Demebhri S, Turkoz A, Kopan R (2009) Epidermal Notchl loss promotes skin
tumorigenesis by impacting the stromal microenvironment. Cancer Cell 16:
55-66

de Feraudy S, Revet |, Bezrookove V, Feeney L, Cleaver JE (2010) A minority of
foci or pan-nuclear apoptotic staining of gammaH2AX in the S phase after
UV damage contain DNA double-strand breaks. Proc Natl Acad Sci U S A
107: 68706875

Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan L, Kagnoff MF, Karin
M (2004) IKKbeta links inflammation and tumorigenesis in a mouse
model of colitis-associated cancer. Cell 118: 285—296

Hafner M, Wenk J, Nenci A, Pasparakis M, Scharffetter-Kochanek K, Smyth N,
Peters T, Kess D, Holtkotter O, Shephard P et al (2004) Keratin 14 Cre
transgenic mice authenticate keratin 14 as an oocyte-expressed protein.
Genesis 38: 176—181

EMBO Molecular Medicine Vol 6 | No 7| 2014

981



982

EMBO Molecular Medicine

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation.
Cell 144: 646674

Hannink M, Temin HM (1990) Structure and autoregulation of the c-rel
promoter. Oncogene 5: 1843 —1850

Hennings H, Glick AB, Lowry DT, Krsmanovic LS, Sly LM, Yuspa SH (1993) FVB/
N mice: an inbred strain sensitive to the chemical induction of squamous
cell carcinomas in the skin. Carcinogenesis 14: 2353 —2358

van Hogerlinden M, Rozell BL, Ahrlund-Richter L, Toftgard R (1999) Squamous
cell carcinomas and increased apoptosis in skin with inhibited Rel/nuclear
factor-kappaB signaling. Cancer Res 59: 3299 —3303

Karin M (2006) Nuclear factor-kappaB in cancer development and
progression. Nature 441: 431—436

Lazennec G, Richmond A (2010) Chemokines and chemokine receptors:
new insights into cancer-related inflammation. Trends Mol Med 16:
133-144

Lichti U, Anders ], Yuspa SH (2008) Isolation and short-term culture of
primary keratinocytes, hair follicle populations and dermal cells from
newborn mice and keratinocytes from adult mice for in vitro analysis and
for grafting to immunodeficient mice. Nat Protoc 3: 799 - 810

Lind MH, Rozell B, Wallin RP, van Hogerlinden M, Ljunggren HG, Toftgard R,
Sur | (2004) Tumor necrosis factor receptor 1-mediated signaling is
required for skin cancer development induced by NF-kappaB inhibition.
Proc Natl Acad Sci U S A 101: 49724977

Liu M, Sakamaki T, Casimiro MC, Willmarth NE, Quong AA, Ju X, Ojeifo J, Jiao
X, Yeow WS, Katiyar S et al (2010) The canonical NF-kappaB pathway
governs mammary tumorigenesis in transgenic mice and tumor stem cell
expansion. Cancer Res 70: 10464 —10473

Luedde T, Beraza N, Kotsikoris V, van Loo G, Nenci A, De Vos R, Roskams T,
Trautwein C, Pasparakis M (2007) Deletion of NEMO/IKKgamma in liver
parenchymal cells causes steatohepatitis and hepatocellular carcinoma.
Cancer Cell 11: 119-132

Luedde T, Heinrichsdorff |, de Lorenzi R, De Vos R, Roskams T, Pasparakis M

(2008) IKK1 and IKK2 cooperate to maintain bile duct integrity in the liver.

Proc Natl Acad Sci U S A 105: 9733—9738

Lukas J, Lukas C, Bartek ] (2011) More than just a focus: the chromatin
response to DNA damage and its role in genome integrity maintenance.
Nat Cell Biol 13: 11611169

Maeda S, Kamata H, Luo JL, Leffert H, Karin M (2005) IKKbeta couples
hepatocyte death to cytokine-driven compensatory proliferation that
promotes chemical hepatocarcinogenesis. Cell 121: 977 —990

Mantovani A, Allavena P, Sica A, Balkwill F (2008) Cancer-related
inflammation. Nature 454: 436 —444

Mayo MW, Wang CY, Cogswell PC, Rogers-Graham KS, Lowe SW, Der CJ,
Baldwin AS Jr (1997) Requirement of NF-kappaB activation to suppress
p53-independent apoptosis induced by oncogenic Ras. Science 278:
1812-1815

McCool KW, Miyamoto S (2012) DNA damage-dependent NF-kappaB
activation: NEMO turns nuclear signaling inside out. Immunol Rev 246:
311-326

Meek DW (2009) Tumour suppression by p53: a role for the DNA damage
response? Nat Rev Cancer 9: 714723

Meylan E, Dooley AL, Feldser DM, Shen L, Turk E, Ouyang C, Jacks T (2009)
Requirement for NF-kappaB signalling in a mouse model of lung
adenocarcinoma. Nature 462: 104 —-107

Modi BG, Neustadter J, Binda E, Lewis J, Filler RB, Roberts SJ, Kwong BY,
Reddy S, Overton |D, Galan A et al (2012) Langerhans cells facilitate
epithelial DNA damage and squamous cell carcinoma. Science 335:
104-108

EMBO Molecular Medicine Vol 6 | No 7| 2014

Epidermal p65 in skin carcinogenesis  Chun Kim & Manolis Pasparakis

Moore RJ, Owens DM, Stamp G, Arnott C, Burke F, East N, Holdsworth H,
Turner L, Rollins B, Pasparakis M et al (1999) Mice deficient in tumor
necrosis factor-alpha are resistant to skin carcinogenesis. Nat Med 5:
828831

Mulero MC, Ferres-Marco D, Islam A, Margalef P, Pecoraro M, Toll A, Drechsel
N, Charneco C, Davis S, Bellora N et al (2013) Chromatin-bound
IkappaBalpha regulates a subset of polycomb target genes in
differentiation and cancer. Cancer Cell 24: 151-166

Nenci A, Huth M, Funteh A, Schmidt-Supprian M, Bloch W, Metzger D,
Chambon P, Rajewsky K, Krieg T, Haase | et al (2006) Skin lesion
development in a mouse model of incontinentia pigmenti is triggered by
NEMO deficiency in epidermal keratinocytes and requires TNF signaling.
Hum Mol Genet 15: 531—542

Oeckinghaus A, Ghosh S (2009) The NF-kappaB family of transcription factors
and its regulation. Cold Spring Harb Perspect Biol 1: a000034

Pasparakis M, Courtois G, Hafner M, Schmidt-Supprian M, Nenci A, Toksoy A,
Krampert M, Goebeler M, Gillitzer R, Israel A et al (2002) TNF-mediated
inflammatory skin disease in mice with epidermis-specific deletion of
IKK2. Nature 417: 861 —866

Pasparakis M (2009) Regulation of tissue homeostasis by NF-kappaB
signalling: implications for inflammatory diseases. Nat Rev Immunol 9:
778-788

Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S, Kasem S,
Gutkovich-Pyest E, Urieli-Shoval S, Galun E, Ben-Neriah Y (2004)
NF-kappaB functions as a tumour promoter in inflammation-associated
cancer. Nature 431: 461 —466

Pratt MA, Tibbo E, Robertson SJ, Jansson D, Hurst K, Perez-Iratxeta C, Lau R,
Niu MY (2009) The canonical NF-kappaB pathway is required for
formation of luminal mammary neoplasias and is activated in the
mammary progenitor population. Oncogene 28: 27102722

Rebholz B, Haase I, Eckelt B, Paxian S, Flaig MJ, Ghoreschi K, Nedospasov SA,
Mailhammer R, Debey-Pascher S, Schultze JL et al (2007) Crosstalk
between keratinocytes and adaptive immune cells in an lkappaBalpha
protein-mediated inflammatory disease of the skin. Immunity 27:
296307

Repetto G, del Peso A, Zurita JL (2008) Neutral red uptake assay for the
estimation of cell viability/cytotoxicity. Nat Protoc 3: 1125—1131

Ryan KM, Ernst MK, Rice NR, Vousden KH (2000) Role of NF-kappaB in
p53-mediated programmed cell death. Nature 404: 892897

Seitz CS, Lin Q, Deng H, Khavari PA (1998) Alterations in NF-kappaB function
in transgenic epithelial tissue demonstrate a growth inhibitory role for
NF-kappaB. Proc Natl Acad Sci U S A 95: 2307 —2312

Seitz CS, Deng H, Hinata K, Lin Q, Khavari PA (2000) Nuclear factor
kappaB subunits induce epithelial cell growth arrest. Cancer Res 60:
4085-4092

Solier S, Pommier Y (2009) The apoptotic ring: a novel entity with
phosphorylated histones H2AX and H2B and activated DNA damage
response kinases. Cell Cycle 8: 1853 —1859

Stathopoulos GT, Sherrill TP, Cheng DS, Scoggins RM, Han W, Polosukhin WV,
Connelly L, Yull FE, Fingleton B, Blackwell TS (2007) Epithelial NF-kappaB
activation promotes urethane-induced lung carcinogenesis. Proc Natl Acad
Sci U S A 104: 18514 -18519

Suganuma M, Okabe S, Marino MW, Sakai A, Sueoka E, Fujiki H (1999)
Essential role of tumor necrosis factor alpha (TNF-alpha) in tumor
promotion as revealed by TNF-alpha-deficient mice. Cancer Res 59:
45164518

Tenev T, Bianchi K, Darding M, Broemer M, Langlais C, Wallberg F, Zachariou
A, Lopez ], MacFarlane M, Cain K et al (2011) The Ripoptosome, a

© 2014 The Authors



Chun Kim & Manolis Pasparakis Epidermal p65 in skin carcinogenesis

signaling platform that assembles in response to genotoxic stress and loss
of IAPs. Mol Cell 43: 432448

Tergaonkar V, Pando M, Vafa O, Wahl G, Verma | (2002) p5S3 stabilization is
decreased upon NFkappaB activation: a role for NFkappaB in acquisition
of resistance to chemotherapy. Cancer Cell 1: 493—503

White DE, Negorev D, Peng H, Ivanov AV, Maul GG, Rauscher FJ 3rd (2006)
KAP1, a novel substrate for PIKK family members, colocalizes with
numerous damage response factors at DNA lesions. Cancer Res 66:
11594 —-11599

Xia Y, Yeddula N, Leblanc M, Ke E, Zhang Y, Oldfield E, Shaw R}, Verma IM
(2012) Reduced cell proliferation by IKK2 depletion in a mouse
lung-cancer model. Nat Cell Biol 14: 257 —265

© 2014 The Authors

EMBO Molecular Medicine

Zhang JY, Green CL, Tao S, Khavari PA (2004) NF-kappaB RelA opposes
epidermal proliferation driven by TNFR1 and JNK. Genes Dev 18: 17 —22
Zhao X, Laver T, Hong SW, Twitty GB |Jr, Devos A, Devos M, Benveniste EN,
Nozell SE (2011) An NF-kappaB p65-clAP2 link is necessary for mediating
resistance to TNF-alpha induced cell death in gliomas. / Neurooncol 102:
367381
@ License: This is an open access article under the
terms of the Creative Commons Attribution 4.0
License, which permits use, distribution and reproduc-
tion in any medium, provided the original work is
properly cited.

EMBO Molecular Medicine Vol 6 | No 7 | 2014



