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Skin tumors are the most common form of 
cancer in the Caucasian population. Approxi-
mately 80% of nonmelanoma skin cancers are 
basal cell carcinomas, and 20% are squamous 
cell carcinomas (SCCs). Unlike most basal cell 
carcinomas, cutaneous SCCs are associated with 
risk of metastasis particularly in immunosup-
pressed patients (Brantsch et al., 2008). The mul-
tistage induction of squamous cell cancer on 
mouse skin as a consequence of chemical expo-
sures has remarkable phenotypic and genotypic 
homology to human SCC development. Genet-
ically altered mouse models have been instru-
mental in defining the respective contribution 
of signaling pathways on the development of 
SCCs in vivo. Central to the skin carcinogenesis 
process is the activation of the EGFR (epidermal 
growth factor receptor)–RAS–MAPK (mitogen-
activated protein kinase) pathway in incipient 
tumor cells and the associated inflammatory 

process that appears to enhance tumor growth 
(Mueller, 2006). The molecular links and path-
ways bridging inflammation and cancer are 
being clarified with cytokine/chemokines and 
myeloid cells taking center stage (Porta et al., 
2009). Among the transcription factors regulat-
ing cytokine/chemokine expression, NF-B has  
been causally implicated with cancer-associated 
inflammation (Van Waes, 2007; Naugler and 
Karin, 2008). In addition to its proinflamma-
tory activity, NF-B has both antiapoptotic ac-
tivities and can promote cell cycle progression, 
making its constitutive activation advantageous 
to cancer cells. In the skin, the innate immune 
system is a potent activator of NF-B. Ligands 
of the Toll-like receptor/IL-1 receptor super-
family induce the recruitment of MyD88 (My-
eloid differentiation primary response gene 88), 
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Constitutively active RAS plays a central role in the development of human cancer and is 
sufficient to induce tumors in two-stage skin carcinogenesis. RAS-mediated tumor forma-
tion is commonly associated with up-regulation of cytokines and chemokines that mediate 
an inflammatory response considered relevant to oncogenesis. In this study, we report that 
mice lacking IL-1R or MyD88 are less sensitive to topical skin carcinogenesis than their 
respective wild-type (WT) controls. MyD88/ or IL-1R/ keratinocytes expressing onco-
genic RAS are hyperproliferative and fail to up-regulate proinflammatory genes or down-
regulate differentiation markers characteristic of RAS-expressing WT keratinocytes. 
Although RAS-expressing MyD88/ keratinocytes form only a few small tumors in ortho-
topic grafts, IL-1R–deficient RAS-expressing keratinocytes retain the ability to form 
tumors in orthotopic grafts. Using both genetic and pharmacological approaches, we find 
that the differentiation and proinflammatory effects of oncogenic RAS in keratinocytes 
require the establishment of an autocrine loop through IL-1, IL-1R, and MyD88 leading 
to phosphorylation of IB and NF-B activation. Blocking IL-1–mediated NF-B  
activation in RAS-expressing WT keratinocytes reverses the differentiation defect and 
inhibits proinflammatory gene expression. Collectively, these results demonstrate that 
MyD88 exerts a cell-intrinsic function in RAS-mediated transformation of keratinocytes.
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ative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported 
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TRAF6, and protein kinases, including IRAK and IKK, ulti-
mately leading to NF-B activation (Dinarello, 2009). Acti-
vated keratinocytes are a potent source of IL-1 and IL-1 
activity upon 12-0-tetradecanoylphorbol-13-acetate (TPA) 
or UV challenge (Kupper et al., 1986; Feldmeyer et al., 2007). 
Although IL-1 expression has been reported to enhance 
tumor invasiveness/metastasis and cellular interactions in the 
tumor microenvironment, less is known about its potential 
autocrine and paracrine function in the early stage of carcino-
genesis (Apte et al., 2006). The mouse skin carcinogenesis 
model is particularly suited to explore pathways involved in 
early tumor formation because a single activated oncogene, 
H- or K-RAS, is sufficient to fully initiate keratinocytes. 
The clonal expansion of these cells into a squamous papilloma 
reveals the phenotype of initiated cells (RAS-keratinocytes). 
The current study defines an essential contribution of the 
IL-1R for the initiation of keratinocytes in vitro and MyD88 
for papilloma formation after RAS activation. We uncover 
an obligatory role for autocrine IL-1 for the maintenance 
of NF-B activity and induction of cytokines and chemo-
kines in RAS-keratinocytes. We also report a previously 
unrecognized causal role of IL-1 and NF-B in produc-
ing the altered differentiation phenotype exhibited by ini-
tiated keratinocytes.

RESULTS
MyD88 is required for 7,12-dimethylbenz[a]anthracene 
(DMBA)–TPA-induced skin carcinogenesis
MyD88/ mice, IL-1R/ mice, and their WT respective 
controls were compared for susceptibility to 400 nmol DMBA 
initiation followed by 10 nmol TPA three times a week for 
20 wk of promotion. As previously described (Swann et al., 
2008; Coste et al., 2010; Mittal et al., 2010), less than half 
of the MyD88-deficient mice on a C57BL/6NCr back-
ground developed skin papillomas after 4 mo, and those that 
developed tumors rarely developed more than one tumor, 
whereas the corresponding genetically matched WT controls 
developed the expected number for this strain (Fig. 1 A). 
An intermediate tumor burden developed in the more sus-
ceptible C57BL/6J background IL-1R/ mice with 50% 
decrease in the number of papillomas per mouse in comparison 
with genetically matched controls (Fig. 1 B), suggesting that 
IL-1R may contribute a significant share of the signal going 
through MyD88 (Coste et al., 2010). However, unlike the 
MyD88-deficient mice, nearly 100% of IL-1R/ developed 
at least one or more tumors, indicating that genetic back-
ground or additional factors contribute to the low tumor 
yield in MyD88-deficient mice. To address the cell popula-
tion responsible for the skin carcinogenesis resistance ob-
served in MyD88/ mice, BM chimeras were generated by 
injecting MyD88/ or WT BM cells into lethally irradiated 

Figure 1. Responsiveness of MyD88/, IL-1R/, MyD88/ BM 
chimeric, tissue-targeted MyD88-deficient mice, and their respec-
tive controls to chemically induced skin carcinogenesis. (A–E) Left 
panels represent the mean number of skin tumors per mouse (mean ± 
SEM). Right panels represent the percentage of mice with skin tumors. 
Mice were treated with DMBA/0.2 ml acetone at time 0 then with 10 nmol 
TPA/0.2 ml acetone three times a week for up to 20 wk. Papilloma devel-
opment was monitored during the course of the experiment. (A) WT (n = 10) 
and MyD88/ (n = 10). (B) WT (n = 12) and IL-1R/ (n = 10). (C) Mice 
were lethally irradiated and 2 h later injected i.v. with 20 × 106 BM  
cells. 8 wk later, BM WT > WT (n = 9), BM MyD88/ > MyD88/ (n = 5),  
BM MyD88/ > WT (n = 9), and BM WT > MyD88/ (n = 9) groups were 
treated as in A, and papilloma development was followed during 25 wk.  
(D) MyD88KC (n = 13) and control littermates (n = 9). (E) MyD88BM (n = 4) 
and control littermates (n = 7). Data shown in A, B, and E are representa-
tive of three independent experiments, whereas data shown in C and D 
are representative of two independent experiments. Significant differ-
ences in the number of papillomas that develop at each time point were 
found by Student’s t test (*, P < 0.05). In C, comparisons of BM WT > WT 

and BM MyD88/ > WT (*, P < 0.05) and BM MyD88/ > MyD88/ and 
BM WT >MyD88/ (*, P < 0.05) were analyzed by Mann-Whitney U test.
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important contribution of MyD88 
from BM-derived cells (Fig. 1 E). 
Collectively, those results demon-
strate that both keratinocyte and BM 
MyD88–expressing cells contribute 
to skin carcinogenesis. Sensitivity to 
skin carcinogenesis ultimately reflects 
the intrinsic properties of the incipi-
ent cells (keratinocytes carrying a 
mutated H-ras or RAS-keratinocytes) 
but also the sensitivity to tumor pro-

motion resulting from the cross talk between epidermal cells, 
the tumor stroma, and the immune system. Little is known re-
garding the intrinsic role of MyD88 in cancer cells; for that 
reason we chose to investigate the contribution of MyD88 to 
the RAS-keratinocyte phenotype.

Expression of protumorigenic factors in RAS-transformed 
keratinocytes requires a functional IL-1R–MyD88 signal
We have previously reported that oncogenic RAS acti-
vates an autocrine loop through the NF-B–mediated up-
regulation of CXCR2 ligands (CXCL1/2/6) binding to  
CXCR2 on keratinocytes, therefore contributing to tumor 
cell migration and the chemokine milieu in the microenvi-
ronment. Activation of keratinocyte CXCR2 is essential for 
tumor formation (Cataisson et al., 2009). We tested whether 
MyD88 was required for RAS-transduced keratinocytes to 
produce factors important in the tumor microenvironment 
(Moore et al., 1999; Coussens et al., 2000; Obermueller  
et al., 2004). Up-regulation of Cxcl1, Csf2, Tnf, and Mmp9 
messenger RNA (mRNA) by oncogenic RAS in transformed 

WT or MyD88/ mice, and chimeras and transplanted 
controls were subjected to DMBA/TPA. In this study, no 
tumors developed in the MyD88/-MyD88/ trans-
planted controls (Fig. 1 C). However, cross chimeras indi-
cate that MyD88 is required in both donor BM–derived 
and radiation-resistant host cells for optimal skin carcinogen-
esis. Neither cross transfer chimera fully restored or corrected 
the high tumor yield of the WT-WT autologous trans-
planted control. To further confirm the role of epidermal 
MyD88 during skin carcinogenesis, targeted disruption of 
MyD88 in basal keratinocytes (MyD88KC) was achieved 
by crossing MyD88fl/fl mice with keratin 5 (K5) Cre recom-
binase transgenic mice (K5-Cre+; Ramirez et al., 2004). 
Tumor burden is reduced by 50% in MyD88KC mice com-
pared with the control mice (Fig. 1 D). This result confirms 
that keratinocyte-specific ablation of MyD88 is sufficient to 
confer significant resistance to DMBA-induced skin tumori-
genesis. Finally, crossing MyD88fl/fl mice with Vav1-Cre+ 
mice, ensuring MyD88 deletion in all hematopoietic lineages 
(MyD88BM; de Boer et al., 2003), demonstrates the equally 

Figure 2. Expression of NF-B–
 regulated proinflammatory factors in 
RAS-transformed keratinocytes  
requires a functional IL-1–MyD88 axis.  
(A and D) Real-time PCR analyses 3 d after 
RAS transduction of Cxcl1, Csf2, Mmp9,  
and Tnf mRNA expression in control and  
v-rasHa–transduced keratinocytes (WT  
and MyD88/ [A] or IL-1R/ [D]).  
(B and E) CXCL1, GM-CSF, and TNF concen-
trations were determined by ELISA in culture 
supernatants from control and v-rasHa–
 transduced keratinocytes (WT and MyD88/  
[B] or IL-1R/ [E]) 3 d after RAS transduc-
tion. Data shown are representative of three 
independent experiments, and bars repre-
sent the mean ± SEM of five replicates.  
*, P < 0.05 between v-rasHa WT and v-rasHa 
gene–deficient strain. (C) NanoString analy-
sis of Cxcl1 and Mmp9 mRNA expression in 
laser capture–microdissected WT and 
MyD88/ papillomas from chemically in-
duced skin carcinogenesis. The y axis shows 
normalized NanoString counts. Each circle 
represents an independent squamous papil-
loma. Horizontal bars indicate the mean.
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phosphorylation of 
IB (Fig. 3 D, bot-
tom) and nuclear translocation of p65, p50, and RelB, whereas 
nuclear c-Rel accumulation in RAS-transduced keratino-
cytes was unchanged (Fig. 3 D, top). Collectively, these results 
suggest that in RAS-transformed keratinocytes, IL-1 signal-
ing through IL-1R and MyD88 is required for the activation  
of NF-B–regulated genes.

MyD88 deficiency and lack of IL-1R signaling  
do not impair EGFR autocrine signaling
Previous studies have shown that oncogenic RAS also estab-
lishes an essential autocrine loop through the EGFR in mu-
rine keratinocytes by up-regulating EGFR ligands (Dlugosz 
et al., 1995) and that disruption of autocrine EGFR signaling 
abolishes the NF-B–mediated induction of CXCL1 and 
CXCL2 (Cataisson et al., 2009) and reduces tumor formation 
(Dlugosz et al., 1997). It was also reported that MyD88 was 
necessary for MAPK activation in fibroblasts in vitro (Coste 
et al., 2010). Blocking IL-1 activity with IL-1ra in RAS-
transduced keratinocytes had no effect on cell proliferation 
as measured by thymidine incorporation under proliferating 
culture conditions (Fig. 4 A) and RAS-mediated activation 
of EGFR (Fig. 4 B). Also, induction of the EGFR ligands 
Btc, Areg, and Hbegf was maintained in both MyD88-null 

keratinocytes was nearly absent with MyD88 deficiency 
(Fig. 2 A), as was the release of CXCL1, GM-CSF, and TNF 
in culture supernatants (Fig. 2 B). A similar phenotype was 
observed in IL-1R–deficient RAS-keratinocytes (Fig. 2,  
D and E). The expression of Cxcl1 mRNAs was also re-
duced in the laser microdissected epithelial compartment of 
Myd88/ papillomas compared with their WT counterpart 
(Fig. 2 C), whereas the reduction in Mmp9 did not reach 
statistical significance. In those same papillomas, the infiltra-
tion of CD45- and F4/80-positive cells was similar, as de-
tected by immunostaining (not depicted).

IL-1 autocrine signaling contributes to oncogenic  
RAS–mediated activation of NF-B
Blocking NF-B transcriptional activity by introducing a 
dominant-negative mutant IB adenovirus (IBsr) also re-
duced oncogenic RAS–mediated induction of Cxcl1, Csf2, 
Tnf, and Mmp9 (Fig. 3 A; Cataisson et al., 2009). Similarly, 
blocking extracellular IL-1 activity by treating WT control and 
RAS-keratinocytes with IL-1R antagonist (IL-1ra; Anakinra) 
also prevented the induction of those genes by oncogenic RAS 
(Fig. 3 B), suggesting an autocrine loop through the IL-1R. 
However, only antibodies against IL-1 but not IL-1 
could prevent RAS-mediated induction of Cxcl1 and Csf2 
(Fig. 3 C). Anakinra (IL-1ra) treatment blocked RAS-mediated 

Figure 3. IL-1 autocrine signaling con-
tributes to oncogenic RAS-mediated acti-
vation of NF-B–regulated genes.  
(A) Real-time PCR analysis of Cxcl1, Csf2, 
Mmp9, and Tnf mRNA expression in control 
keratinocytes or keratinocytes transduced for 
3 d with v-rasHa and infected with A-CMV 
(control) or degradation-resistant IB 
(IBsr) adenovirus to block NF-B activity for 
an additional 2 d. *, P < 0.05 between v-rasHa 
control adenovirus and v-rasHa IBsr adeno-
virus. (B) Real-time PCR analysis of Cxcl1, Csf2, 
Mmp9, and Tnf mRNA expression in control 
or v-rasHa–transduced WT keratinocytes 
treated with PBS or IL-1R antagonist (IL-1ra, 
Anakinra). *, P < 0.05 between v-rasHa PBS and 
v-rasHa IL-1ra. (A and B) Data shown are rep-
resentative of three independent experiments, 
and bars represent the mean ± SEM of three 
replicates. (C) Real-time PCR analysis of Cxcl1 
and Csf2 mRNA expression in control and  
v-rasHa–transduced keratinocytes treated with 
control IgG, IL-1 neutralizing antibodies, or 
IL-1 neutralizing antibodies. Data shown are 
representative of two independent experi-
ments, and bars represent the mean ± SEM of 
three replicates. *, P < 0.05 between v-rasHa + 
IgG and v-rasHa + anti–IL-1. (D) Nuclear 
extracts (top) or total cell extract (bottom) 
from primary keratinocytes transduced for 3 d 
with v-rasHa in the presence or absence of IL-1ra 
(Anakinra) were analyzed by Western blot-
ting. The picture is representative of three 
independent experiments. Molecular mass is 
indicated in kilodaltons.
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IL-1–mediated activation of NF-B contributes to the 
RAS-initiated differentiation phenotype of keratinocytes
To gain further understanding of IL-1 function in RAS-
transformed keratinocytes, we performed a microarray-based 
gene expression analysis comparing RAS-transduced cultured 
keratinocytes in the presence or absence of Anakinra. Results 
presented in Table 1 show the top 30 most up- and down-
regulated genes upon blockade of IL-1R signal. Cytokines 
(Tnf, Csf2, Csf3, and Il1a) and chemokines (Cxcl1, Cxcl2, 
Cxcl5, Cxcl10, Ccl2, Ccl5, Ccl7, and Ccl20) were among the 
most down-regulated genes upon IL-1 signal blockade. Slpi 
(secretory leukocyte peptidase inhibitor) and Lcn2 (lipocalin 2) were 
also down-regulated (Fig. 5 A). These genes were reported 
to be up-regulated in various cancers (Bouchard et al., 2006), 
Lcn2 being up-regulated in breast cancer cells through an 
HER2–NF-B pathway (Leng et al., 2009). Among the 
changes associated with the expression of oncogenic RAS 
in keratinocytes is a characteristic defect in differentiation 
signaling exemplified by the constitutive down-regulation of 
suprabasal keratins K1 and K10 (Dlugosz et al., 1994) and 
their lack of response to calcium-mediated differentiation. 
Unexpectedly, several genes associated with keratinocyte 
differentiation as well as cell to cell adhesion and calcium 
signaling were up-regulated upon IL-1R blockade in RAS-
transformed keratinocytes (Table 1 and Fig. S1), including 
Calm5 (calmodulin 5), Krt1 and Krt10 (keratin 1 and 10), Hrnr 
(hornerin), Dsg1a (desmoglein 1 ), Cntn2 (contactin 2), and 
Slurp-1 (secreted Ly-6/uPAR-related protein 1). Increased tran-
script expression for K1 and K10 was confirmed by real-time 
PCR analysis in both Anakinra-treated and IL-1R–deficient 
keratinocytes (Fig. 5 B). Furthermore, the induction of K1 
and K10 proteins in response to increased extracellular cal-
cium concentration is partially restored in RAS-keratinocytes 
deficient for IL-1R (Fig. 5 C) or RAS-keratinocytes blocked 
for NF-B signaling by transduction with IBsr (Fig. 5 D). 
The expression of basal keratin 5 remained unchanged under 
those same conditions (Fig. 5 C). This observation suggests 
that autocrine IL-1 signaling contributes to the altered dif-
ferentiation characteristic of keratinocytes transformed by 
RAS but does not impact the hyperproliferation associated 
with tumor formation.

An EGFR–IL-1R–NF-B axis is created  
in transformed keratinocytes
We have previously reported that the disruption of autocrine 
EGFR signaling abolished the NF-B–mediated induction 
of CXCL1 and other CXCR2 ligands in RAS-transformed 
keratinocytes (Cataisson et al., 2009), whereas this current 
work demonstrates that an IL-1 signal mediates the induc-
tion of CXCL1. This suggests that IL-1 is a downstream 
target of oncogenic RAS and EGFR signaling. Fig. 6 (A and B) 
indicates that transformation by oncogenic RAS induces both 
Il1a and Il1b mRNA and release of IL-1 protein and  
this is prevented by genetic ablation of EGFR. IL-1 was 
undetectable in supernatants in all conditions tested (not 
depicted). Unlike IL-1R (Fig. 2 E), TNFR deficiency does 

and WT keratinocytes expressing similar levels of oncogenic 
RAS (Fig. 4, C and D). Activation of ERK was similar in 
ras-keratinocytes deficient for MyD88 or IL-1R when com-
pared with their WT counterpart (Fig. 4 E). Thus, MyD88 
deficiency does not impair EGFR autocrine signaling but 
rather prevents IL-1R downstream signaling in the oncogenic 
cascade. Collectively, these results suggest that IL-1R–MyD88 
signaling is required for the proper induction of protumori-
genic factors in RAS-transformed keratinocytes.

Figure 4. The EGFR autocrine loop is intact in RAS-transformed 
MyD88-deficient keratinocytes. (A) Tritiated thymidine incorporation 
was measured in control and v-rasHa–transduced WT keratinocyte cul-
tures treated with IL-1ra for 3 d. Data shown are representative of three 
independent experiments, and bars represent the mean ± SEM value of 
four replicates. *, P < 0.05 between v-rasHa and control; #, no significant 
difference between v-rasHa  IL-1ra and v-rasHa + IL-1ra. (B) Total cell 
extract from primary keratinocytes transduced for 3 d with v-rasHa in the 
presence or absence of IL-1ra (Anakinra) was analyzed by Western blot-
ting for phospho-EGFR (Tyr1068), total EGFR, and actin as loading con-
trol. The picture is representative of three independent experiments.  
(C) Real-time PCR analysis of Btc (betacellulin), Areg (amphiregulin), and 
Hbegf (heparin-binding EGF-like growth factor) in control and v-rasHa–
transduced keratinocytes (WT and MyD88/) 3 d after RAS transduc-
tion. (D) Real-time PCR analysis of Hras1 (H-ras) in control and 
v-rasHa–transduced WT and MyD88/ keratinocytes. (C and D) Data 
shown are representative of three independent experiments, and bars 
represent the mean ± SEM of three replicates. (E) Total cell extract from 
MyD88/ and IL-1R/ primary keratinocytes and their respective  
controls transduced for 3 d with v-rasHa were analyzed by Western blot-
ting for phospho-ERK, total ERK, H-ras, and actin as loading control.  
The picture is representative of two independent experiments.  
(B and E) Molecular mass is indicated in kilodaltons.
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not prevent the induction of CXCL1 by oncogenic RAS 
in keratinocytes (Fig. 6 C). Our results suggest that IL-1 
can function as a downstream effector of EGFR signaling 
in keratinocytes. Indeed, IL-1R blockade using Anakinra 
strongly reduces TGF-–mediated induction of Cxcl1 mRNA  
(Fig. 6 D), indicating a role of IL-1 downstream of EGFR 
activation (Streicher et al., 2007). MyD88 deficiency (Fig. 6 E), 
IL-1R deficiency (Fig. 6 F), or NF-B blockade (Fig. 6 G) 
strongly reduced IL-1 induction by oncogenic RAS, sug-
gesting that IL-1 is contributing to a self-amplifying loop 
in RAS-transformed keratinocytes. Finally, induction of IL-1 
by oncogenic RAS is potentiated in transgenic keratinocytes 
overexpressing PKC- (Fig. 6 H). This observation is in accor-
dance with PKC- being the specific isozyme involved in 
down-modulating expression of keratins K1 and K10 in RAS-
transformed keratinocytes (Dlugosz et al., 1994).

MyD88 deficiency but not IL-1 blockade prevents  
RAS-keratinocytes from forming tumors in vivo
To directly test the role of keratinocyte MyD88 on the RAS-
keratinocyte phenotype in vivo, primary keratinocytes from 
MyD88/ and WT mice were transduced with the v-rasHa 
retrovirus and transplanted to a prepared orthotopic graft 
site on the midback region of nude mice (Lichti et al., 2008). 
By this approach, tumor formation is dependent solely on the 
grafted keratinocyte MyD88 as the host is competent for 
MyD88 expression. Both groups developed squamous papil-
lomas (Fig. 7 A), but tumor growth was minimal in the ab-
sence of keratinocyte MyD88 (Fig. 7, B and G). The number 
of apoptotic cells detected by TUNEL staining (Fig. 7 C) as 
well as the number of proliferating cells (BrDU positive) were 
similar in papillomas originating from either genotype (Fig. 7 D). 
However, in papillomas arising from MyD88-deficient RAS-
keratinocytes, the vascular density was reduced by 30% as 

Table 1. Most up- and down-regulated genes upon 
blockade of IL-1R signal in RAS-keratinocytes

GenBank accession 
no.

Symbol Ratio IL-1Ra/
control

P-value

NM_021480 Tdh 5.79 P < 0.01
NM_001008706 Calm5 5.74 P < 0.01
NM_010660 Krt10 5.25 P < 0.01
NM_008473 Krt1 5.08 P < 0.01
NM_183136 Spink8 4.91 P < 0.01
NM_031378 Gsdmc 4.09 P < 0.01
NM_025416 Them5 4.08 P < 0.01
NM_030703 Cpn1 3.93 P < 0.01
NM_027548 Serpinb7 3.78 P < 0.01
AY027660 Hrnr 3.53 P < 0.01
NM_010079 Dsg1a 3.42 P < 0.01
NM_177129 Cntn2 3.32 P < 0.01
NM_023383 Aadac 3.08 P < 0.01
NM_010203 Fgf5 3.06 P < 0.01
NM_144936 Tmem45b 3.04 P < 0.05
NM_020519 Slurp1 3.04 P < 0.01
AY027660 Hrnr 2.91 P < 0.01
NM_027416 Calml3 2.91 P < 0.01
NM_007574 C1qc 2.89 P < 0.05
NM_172806.2 Btbd7 2.81 P < 0.05
NM_178924 Upk1b 2.72 P < 0.05
NM_008524 Lum 2.68 P < 0.01
NM_027286 Ace2 2.65 P < 0.01
NM_028882 Sema3d 2.61 P < 0.01
NM_033648 Fxyd4 2.61 P < 0.01
NM_008190 Guca2a 2.52 P < 0.01
NM_007717 Cmah 2.52 P < 0.01
BC030317 Lrrc17 2.51 P < 0.01
NM_008360 Il18 2.51 P < 0.01
NM_018830 Asah2 2.50 P < 0.05
NM_178381 Ano9 2.49 P < 0.01
NM_010554 Il1a 0.35 P < 0.01
NM_010809 Mmp3 0.34 P < 0.01
NM_021274 Cxcl10 0.34 P < 0.01
NM_007621 Cbr2 0.33 P < 0.01
NM_013519 Foxc2 0.33 P < 0.01
NM_007778 Csf1 0.32 P < 0.01
NM_013599 Mmp9 0.31 P < 0.01
NM_013653 Ccl5 0.30 P < 0.01
NM_153159 Zc3h12a 0.30 P < 0.05
NM_001029929 Zmynd15 0.30 P < 0.01
BC033508 Ccl5 0.30 P < 0.01
NM_030601 Clca2 0.28 P < 0.01
NM_011414 Slpi 0.27 P < 0.01
NM_009899 Clca1 0.26 P < 0.01
NM_145857 Nod2 0.26 P < 0.01
NM_172922 Ankk1 0.24 P < 0.01
NM_021301 Slc15a2 0.24 P < 0.01
NM_009890 Ch25h 0.22 P < 0.01
NM_007825 Cyp7b1 0.22 P < 0.01

GenBank accession 
no.

Symbol Ratio IL-1Ra/
control

P-value

NM_009969 Csf2 0.20 P < 0.01
NM_013654 Ccl7 0.18 P < 0.05
NM_013693 Tnf 0.16 P < 0.01
NM_007752 Cp 0.13 P < 0.01
NM_008176 Cxcl1 0.12 P < 0.01
NM_009778 C3 0.11 P < 0.01
NM_011333 Ccl2 0.11 P < 0.01
NM_009971 Csf3 0.10 P < 0.01
NM_016960 Ccl20 0.09 P < 0.01
NM_009140 Cxcl2 0.09 P < 0.05
NM_008491 Lcn2 0.04 P < 0.01
NM_009141 Cxcl5 0.03 P < 0.01

The differential gene list between the RAS-keratinocytes treated with IL-1ra versus 
RAS-keratinocyte control group was generated using limma R package with two 
different cutoffs for p-values.

Table 1. Most up- and down-regulated genes upon 
blockade of IL-1R signal in RAS-keratinocytes (Continued)
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quantitative, visible, and time dependent and phenotypic 
markers have been established to assess tumor progression 
(Abel et al., 2009). Most alluring is the ability to correlate ini-
tiation and phenotypic progression with specific genetic and 
biochemical pathways (Dlugosz et al., 2002). Ras gene muta-
tions are integral to and sufficient for skin tumor initiation in 
mice. Similarly RAS gene mutations are early and frequent 
events in human cancers where they have been detected in 
90% of pancreatic cancers, 50% of colon cancers, 25% of lung 
cancers, and up to 20% of skin tumors (Pierceall et al., 1991; 
Spencer et al., 1995; Schubbert et al., 2007; Pylayeva-Gupta  
et al., 2011). Activation of RAS through epigenetic regula-
tion is even more frequent in skin tumors (Dajee et al., 2003; 
Khavari, 2006). Thus, it is imperative to understand the pheno-
typic consequences of RAS activation in normal epithelial 
cells. Mouse skin papillomas develop as a clonal expansion of 
initiated cells and thus display the cellular changes required for 
initiation, including enhanced proliferation and migration, 
inhibited terminal differentiation, and reduced expression of 
normal keratinocyte differentiation markers and up-regulation  
of markers of internal epithelia. In vivo, gene ablation stud-
ies have revealed that papilloma formation requires several 
RAS effector signaling pathways including raf, ralGDS, and 
PI3K (González-García et al., 2005; Gupta et al., 2007;  
Ehrenreiter et al., 
2009). However, the 
distal effectors that 
are required to pro-
duce the papilloma 

assayed by CD31 staining (Fig. 7, E and F). Of note, when 
orthografts were implanted in the adipose-rich very vascular 
interscapular region, developing papillomas were larger and 
vascular density and tumor growth were similar for WT and 
MyD88/ tumors (Fig. 7 G and not depicted). It is there-
fore likely that the papilloma growth difference was related 
in part to a defective paracrine signaling from tumor cells to 
elicit an angiogenic response by the host at the midback lo-
cation. When RAS-keratinocytes from IL-1R/ and WT 
mice were implanted midback, developing papillomas were 
very small in both groups, and no difference among the 
groups was detected for tumor growth (Fig. 7, G and H), the 
number of proliferating cells, or vascular density (Fig. 7 I). 
Similarly, a systemic blockade of IL-1R signaling (using 
Anakinra in vivo) had no impact on papilloma growth of 
WT orthotopic grafts (Fig. 7 J). Collectively, those results sug-
gest that reduced growth of orthotopic grafts of MyD88/ 
RAS-keratinocytes cannot be attributed solely to intrinsic 
IL-1R signaling in vivo. Although the identity of the factors 
that distinguish IL-1 and MyD88 signaling for tumor for-
mation in vivo remain to be determined, these results demon-
strate a cancer cell–intrinsic function for MyD88 and IL-1R 
signaling during squamous carcinogenesis.

DISCUSSION
The multistage evolution of squamous cancer into distinct 
stages of initiation, promotion, premalignant progression, and 
malignant conversion characterizes mouse skin carcinogene-
sis. This model is advantageous because tumor development is 

Figure 5. IL-1–mediated activation of 
NF-B is responsible for the altered ex-
pression of differentiation markers in 
RAS-transformed keratinocytes. (A) Real-
time PCR analysis of Lcn2, Cxcl2, Il1a, and Slpi 
mRNA expression in control or v-rasHa–trans-
duced WT keratinocytes treated with PBS or 
IL-1ra (Anakinra). *, P < 0.05 between v-rasHa 
PBS and v-rasHa IL-1ra. (B) Real-time PCR 
analysis of Krt1 (keratin 1) and Krt10 (keratin 
10) mRNA expression in control and v-rasHa–
transduced keratinocytes (PBS or IL-1ra 
treated or IL-1R WT and IL-1R/) 3 d after 
RAS transduction. *, P < 0.05 between v-rasHa 
PBS and v-rasHa IL-1ra or v-rasHa IL-1R WT 
and v-rasHa IL-1R/. (A and B) Data shown 
are representative of three independent ex-
periments, and bars represent the mean ± 
SEM of three replicates. (C and D) Total SDS 
cell extracts from control and v-rasHa–trans-
duced keratinocytes (IL-1R WT and IL-1R/; 
C) or WT keratinocytes infected with A-CMV 
(control) or degradation-resistant IB super 
repressor (IBsr) adenovirus to block NF-B 
activity (D) were analyzed through immuno-
blotting with specific antibodies for the  
expression of basal (K5) and early markers of 
differentiation (K1 and K10). SDS lysates were 
analyzed from 3-d posttransduction cultures 
that were maintained in 0.05 or 0.12 mM Ca2+ 
media for an extra 24 h. Data are represen-
tative of three independent experiments. 
Molecular mass is indicated in kilodaltons.
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grafted murine SCC cells (Loukinova et al., 2000), melanoma 
cells (Horton et al., 2007), and animal models of lung cancer 
(Keane et al., 2004; Wislez et al., 2006). We and others have 
also demonstrated that autocrine CXCR2 signaling promotes 
keratinocyte tumorigenic behavior (Miyazaki et al., 2006; 
Cataisson et al., 2009). Consequently, antagonizing CXCR2 
activity in tumors might be of therapeutic value in squamous 
cancers (Yeudall and Miyazaki, 2007).

The current study has now revealed a third autocrine 
loop that connects this EGFR–PKC-–NF-B axis. Tumor 
initiation by oncogenic RAS, through EGFR and PKC-, 
causes release of IL-1, activation of the IL-1R and associa-
tion with MyD88, phosphorylation of IB, and nuclear 
translocation of p65, p50, and RelB, activating NF-B tran-
scriptional activity. Among the downstream effectors are 
CXCR2 ligands and the suppression of keratinocyte differ-
entiation markers that characterize the initiated phenotype. 
These new findings now link RAS activation to NF-B in an 
exploitable pathway.

Our data provide a molecular link between oncogenic 
RAS and the activation of NF-B in keratinocytes, there-
fore explaining in part the inflammation/innate immunity 

phenotype have been dissected using cultured mouse kerati-
nocytes transduced with an oncogenic RAS vector (Roop  
et al., 1986). These studies have revealed several autocrine 
loops essential for initiation. Up-regulation of EGFR ligands 
and EGFR activity stimulates proliferation and activates the 
SRC pathway to tyrosine phosphorylate PKC-, reducing 
its role as an essential component of the keratinocyte death 
pathway, thus inhibiting the terminal stage of differentiation 
(Denning et al., 1996; Joseloff et al., 2002). Through the EGFR 
stimulation of phospholipase C, enhanced PKC- activity 
alters keratinocyte gene expression through AP-1 and NF-B 
(Dlugosz et al., 1994; Cataisson et al., 2009). This estab-
lishes a second autocrine loop through NF-B–mediated 
up-regulation of ligands for CXCR2 that act on keratino-
cytes CXCR2 to stimulate migration (Cataisson et al., 2009). 
RAS-transformed CXCR2-deficient keratinocytes failed 
to produce tumors in vivo (Cataisson et al., 2009), suggesting 
a protumorigenic function for CXCR2 ligands in kerati-
nocytes during skin carcinogenesis (O’Hayer et al., 2009). 
CXCR2 ligands contain an ELR motif and have strong 
paracrine proangiogenic properties in human cancer cell 
xenografts (Sparmann and Bar-Sagi, 2004; Wang et al., 2006), 

Figure 6. Oncogenic RAS-mediated 
EGFR–IL-1R signaling loops. (A) Real-time 
PCR analysis of IL-1 (Il1a) and IL-1 (Il1b) 
mRNA expression in control or v-rasHa– 
transduced WT and EGFR/ keratinocytes.  
(B) Culture supernatants from WT or EGFR/ 
primary keratinocytes were collected after 
control or v-rasHa transduction. IL-1 concen-
trations were determined by ELISA. *, P < 0.05 
between v-rasHa EGFR WT and v-rasHa 
EGFR/. (C) Culture supernatants from WT 
and TNFR1//TNFR2/ primary keratino-
cytes were collected after control or v-rasHa 
transduction. CXCL1 concentrations were 
determined by ELISA. (D) Real-time PCR analy-
sis of CXCL1 (Cxcl1) mRNA expression in  
keratinocytes pretreated with PBS or IL-1ra 
(Anakinra) for 1 h before TGF- stimulation 
for an extra hour. *, P < 0.05 between TGF- 
treatment  IL-1ra and TGF- treatment + 
IL-1ra. (E and F) Culture supernatants from 
WT or MyD88/ primary keratinocytes were 
collected after control or v-rasHa transduction. 
IL-1 concentrations were determined by 
ELISA in culture supernatants from control 
and v-rasHa–transduced keratinocytes (WT and 
MyD88/ [E] or IL-1R/ [F]) 3 d after v-rasHa 
transduction. *, P < 0.05 between v-rasHa WT 
and v-rasHa gene–deficient strain. (G) Culture 
supernatant collected from control or v-rasHa–
transduced keratinocytes infected with A-CMV 

(control Ad) or degradation-resistant IB (IBsr Ad) adenovirus to block NF-B activity. IL-1 concentrations were determined by ELISA. *, P < 0.05 
between v-rasHa control Ad and v-rasHa IBsr Ad. (H) Culture supernatants from WT or primary keratinocytes from mice overexpressing PKC- (K5-PKC) 
were collected after control or v-rasHa transduction. IL-1 concentrations were determined by ELISA. *, P < 0.05 between v-rasHa WT and v-rasHa K5-PKC. 
Data shown are representative of two (C and H) to three (A, B, and D–G) independent experiments, and bars represent the mean ± SEM of three (A, B, and 
D–H) to five (C) replicates.
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IL-1 contributes to carcinogen-induced liver tumorigen-
esis (Sakurai et al., 2008). It is well established that IL-1 
activity derived from the tumor cells or infiltrating immune 
cells has the ability to turn on an angiogenic switch in the 
tumor microenvironment (Liss et al., 2001; Saijo et al., 2002; 
Nakao et al., 2005). As such, continuous delivery in vivo of 

signature triggered by oncogene transformation in epithelial 
cells. IL-1 establishes a positive feedback loop to reinforce 
the expression of protumorigenic factors at least in vitro. 
The protumorigenic role of IL-1 in cancer has been largely 
attributed to the IL-1 activity within the tumor microen-
vironment (Apte et al., 2006), although hepatocyte-produced 

Figure 7. MyD88 deficiency impairs 
growth of v-rasHa–induced squamous  
tumors through an IL-1–independent signal. 
(A and B) Representative H&E micrograph of 
WT and MyD88/ orthotopic grafts. WT or 
MyD88/ primary v-rasHa–transduced kera-
tinocytes combined with MyD88 WT dermal 
fibroblasts were grafted onto nude mice  
(A), and mean tumor volume was calculated 
as described in Materials and methods  
(B). Data shown are representative of two 
independent experiments and are reported as 
mean ± SEM. *, P < 0.05 between the WT and 
MyD88/ group. Each group contains eight 
to nine mice. Only mice bearing tumors were 
included in this figure. (C) Tumors from  
A were stained for markers associated with 
tumor growth. Apoptotic cells were identified 
using the ApopTag kit, which stains nuclei 
containing nicked DNA. Positive nuclei were 
counted in five to seven randomly selected 
regions. (D) BrdU-labeled nuclei were de-
tected in stained sections of tumors from 
mice injected with BrdU 1 h before sacrifice 
and similarly counted. (C and D) Data are 
reported as mean ± SEM. NS, difference not 
statistically significant between the WT and 
MyD88/ groups. (E) Immunostaining for 
CD31 antigen outlining blood vessels within 
tumors originating from WT or MyD88/ 
v-rasHa–transduced keratinocytes. (F) Micro-
vessel density was determined based on the 
number of CD31+ cells in at least five fields 
per tumor originating from MyD88 WT or 
MyD88/ v-rasHa–transduced keratinocytes. 
Data are reported as mean ± SEM. *, P < 0.05 
between the WT and MyD88/ groups.  
(G) Representative photographs of orthotopic 
grafts at the interscapular site (top) and mid-
back site (bottom). 4 million RAS-keratinocytes 
were mixed with 5 million SENCAR mouse 
primary dermal fibroblasts before grafting. 
WT RAS-keratinocytes from C57BL/6J mice 
(IL-1R colony) underperform compared  

with WT RAS-keratinocytes from C57BL/6NCr mice (MyD88 colony) for both graft sites. In addition, the percentage of success of RAS-keratinocyte 
grafts from C57BL/6J mice at the midback graft site was very poor. WT and MyD88/ and IL-1R/ keratinocytes were derived from littermate  
pups. Grafting data presented in B, H, and J were performed at the midback site. Bars: (A and E) 50 µm; (G) 10 mm. (H) IL-1R WT or IL-1R/ primary  
v-rasHa–transduced keratinocytes combined with SENCAR WT dermal fibroblasts were grafted onto nude mice, and mean tumor volume was calculated 
as described in Materials and methods. Each group contains three to five mice. Data shown are representative of two independent experiments and are 
reported as mean ± SEM. (I) BrdU-labeled nuclei and immunostaining for CD31 were analyzed as described for D and F. (J) v-rasHa–transduced keratino-
cytes (PBS or IL-1ra [Anakinra] treated) combined with SENCAR MyD88 WT dermal fibroblasts were grafted onto nude mice, and mean tumor volume 
was calculated as described in Materials and methods. PBS or Anakinra was administered daily by intraperitoneal injection starting the day after the 
surgical procedure for the duration of the experiment. Each group contains four to five mice. Data shown are representative of two independent experi-
ments and are reported as mean ± SEM.
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differentiation: the level of the differentiation-associated kera-
tins (K1 and K10) is frequently reduced in benign papillomas 
(Huitfeldt et al., 1991; Sundberg et al., 1994), and Ca2+ fails to 
induce K1 and K10 in vitro after activation of RAS in kerati-
nocytes (Roop et al., 1987; Cheng et al., 1990; Dlugosz et al., 
1994). We now show the participation of NF-B signaling as 
an intrinsic modifier of this differentiation program. This po-
tentially could also form the basis for the loss of K1 and K10 
expression as benign papillomas progress to malignancy under 
conditions where NF-B activity is known to be elevated 
further (Loercher et al., 2004). Interestingly, oncogenic RAS 
alters keratinocyte differentiation by altering the function of 
the PKC signaling pathway, and PKC- is the specific iso-
zyme involved in down-modulating expression of keratins K1 
and K10 (Dlugosz et al., 1994). Several instances of NF-B 
directly mediating gene transcription silencing have been re-
ported, although an analysis of the genes down-regulated by 
IL-1 did not consistently reveal the presence of NF-B con-
sensus elements (unpublished data), and thus, both direct and 
indirect effects might be involved. Although Il1a gene ex-
pression is regulated through a self-amplifying mechanism 
in RAS-transfected cells, it is not dependent only on NF-B 
activation. We observed that keratinocytes overexpressing 
PKC- produce more IL-1 compared with their WT con-
trol, suggesting that PKC- signaling could be implicated in 
the induction or release of IL-1, further connecting IL-1 
and altered keratinocyte differentiation.

Overall our data reinforce the hypothesis of an oncogene-
driven connection between inflammation and cancer (Borrello 
et al., 2008). Several oncogenes including RAS, RET, and 
MYC have now been demonstrated to be responsible not 
only for cell neoplastic transformation but also to establish in-
trinsic inflammatory pathways, establishing a protumorigenic 
microenvironment largely responsible for tumor angiogenesis 
(Borrello et al., 2008). Although oncogenic mutations have 
been reported for MyD88 in human lymphoma (Ngo et al., 
2011), our study demonstrates a cancer cell–intrinsic function 
for MyD88 during skin carcinogenesis. We now clearly estab-
lish that NF-B activation through MyD88 represents an es-
sential positive feedback mechanism for the induction and 
maintenance of the RAS-mediated inflammatory program as 
reported also in other types of tumors. Unexpectedly, IL-1 
signaling is also required for the inhibition of the keratinocyte 
differentiation program mediated by oncogenic RAS. Thus, 
inflammatory mediators are not only required for the estab-
lishment of a protumoral microenvironment but are also act-
ing in a cell-intrinsic way to allow the full expression of the 
RAS-induced oncogenic transformation program.

MATERIALS AND METHODS
Materials. Anakinra (Kineret, rh-met–IL-1ra; Amgen) is a recombinant, 
nonglycosylated form of human IL-1Ra. IL-1ra is provided in prefilled 
syringes of 100 mg (150 mg/ml). IL-1ra was further diluted in culture 
medium to a final concentration of 5 µg/ml. IL-1ra, neutralizing anti-
body against IL-1 (final concentration 2.5 µg/ml; Abcam), or IL-1 (final 
concentration 5.0 µg/ml; Abcam) was added to cultures 5 h after v-rasHa 
transduction and replaced every 48 h. Thymocyte proliferation assay was used 

IL-1ra reduced the growth of fibrosarcomas (Bar et al., 2004), 
and Anakinra treatment of melanoma, lung, and colon ade-
nocarcinoma xenografts decreased their growth, blood vessel 
counts, and IL-8 expression (Elaraj et al., 2006). Our data in-
dicate that IL-1 blockade in RAS-keratinocytes was not suf-
ficient to prevent papilloma formation in an orthograft model, 
although the constitutive absence of IL-1R signaling in mice 
did reduce tumor multiplicity in the two-stage chemical car-
cinogenesis model in vivo consistent with a previous study 
(Coste et al., 2010). This divergence in the two models sug-
gests that host factors contribute to tumor formation in grafts. 
For example, another member of the Toll-like receptor/IL-1 
receptor superfamily provided by the host stroma or intrinsic 
to the tumor cells in the orthograft model can compensate  
in vivo for loss of IL-1R signaling in keratinocytes. One can 
only speculate on the nature of that signal in RAS-keratino-
cytes based on skin carcinogenesis performed so far. TLR4 
activation by HMGB1 appears to have a protumorigenic func-
tion during skin carcinogenesis, but TLR2, TLR9 (Mittal  
et al., 2010), and IL-18 (unpublished data) do not. The con-
tribution of IL-33 and IL-36 members with agonist function 
during skin carcinogenesis is not known. Of note, IL-36 
(formerly referred to IL1-F6) has a proinflammatory function 
in the skin (Blumberg et al., 2007), and its receptor IL-36R 
is highly expressed on keratinocytes (Vigne et al., 2011). 
In the two-stage model in vivo, tumor yield is associated 
with the inflammation that characterizes the tumor promo-
tion phase of papilloma formation (Rundhaug and Fischer, 
2010). Tumor promoters like TPA increase IL-1 expression 
in the skin in vivo (Lee et al., 1993). Neutralizing antibody 
targeting IL-1 inhibits TPA-induced vascular permeability, 
immune cell infiltration, and epidermal hyperplasia, further 
establishing the protumorigenic role of IL-1 (Lee et al., 1994). 
Blockade of IL-1 also reduces papilloma incidence caused by 
inflammation secondary to wounding (Arwert et al., 2010).

One consequence of Ras-mediated IL-1 signaling and 
MyD88 activation is the up-regulation of angiogenic factors, 
particularly CXCR2 ligands. The orthograft experiments 
(Fig. 7) revealed that these factors are important for papilloma 
formation as vascular density was reduced in MyD88-deficient 
Ras-keratinocytes where papilloma growth was minimal when 
keratinocytes were placed on the poorly vascularized midback, 
but papilloma growth was enhanced by grafting in the vessel-
rich interscapular fat pad. In contrast, tumor growth was very 
poor in both WT and IL-1R–deficient Ras-keratinocytes in 
the midback, suggesting the genetic background of the donor 
keratinocytes (C57BL/6J) influences tumor growth. Never-
theless, the inability of Anakinra to reduce growth of WT Ras-
keratinocytes in orthografts suggests that a deficiency in IL-1R 
signaling in ras-transformed papilloma cells can be compen-
sated in vivo.

Our data demonstrate the reliance on autocrine IL-1 sig-
naling for oncogenic RAS-induced NF-B activity and  
implicate NF-B in the differentiation defect characteristic of 
RAS-keratinocytes. Primary mouse keratinocytes expressing 
oncogenic RAS respond abnormally to signals for terminal 
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volumes were determined by multiplying tumor height × length × width. 
Anakinra was injected daily intraperitoneally at a dosage of 250 mg/kg start-
ing the day after the surgical procedure.

Cell culture. Primary mouse keratinocytes and hair follicle buds were iso-
lated from newborn transgenic (K5–PKC-) and WT littermate epidermis 
as described previously (Cataisson et al., 2003; Lichti et al., 2008). EGFR-, 
MyD88-, and IL-1R–deficient keratinocytes were isolated from pups ob-
tained from respective heterozygous breeding pairs (Threadgill et al., 1995). 
The use of pups from homozygous mice deficient for TNFR1 and TNFR2 
(TNFR1/TNFR2/) was previously reported (Cataisson et al., 2005).

Retroviral and adenoviral constructs. The v-rasHa replication–defective 
ecotropic retrovirus was prepared using 2 producer cells (Roop et al., 
1986). Retrovirus titers were routinely 107 virus/ml. Keratinocytes were in-
fected with v-rasHa retrovirus (here referred to as RAS or oncogenic RAS) 
on day 3 at a multiplicity of infection of 1 in medium containing 4 µg/ml 
Polybrene (Sigma-Aldrich). The IBsr (IB super repressor) adenovirus 
was introduced into primary keratinocytes 2 d after v-rasHa transduction  
using an adenoviral construct driven by a CMV promoter, and empty adeno-
virus was used as control (A-CMV). Keratinocytes were adenovirus infected 
for 30 min in serum-free medium with a multiplicity of infection of 10 viral 
particles/cell and 4.0 µg/ml Polybrene to enhance uptake. Serum-containing 
medium was added to the cells for the next 48 h after the infection.

Proliferation assay (thymidine incorporation). Keratinocytes were plated 
in 24-well tissue culture plates and RAS transduced on day 3. Cells were 
grown in the presence or absence of IL-1ra (Anakinra) for 3 d while pulsed for 
the last 4 h with 1 µCi [3H]thymidine (GE Healthcare). Cells were fixed using 
methanol and acetic acid (in a 3:1 ratio) and solubilized in 5 N NaOH, and 
incorporated counts were measured using a scintillation counter.

Immunoblotting. Cytoplasmic and nuclear extracts from cultured kerati-
nocytes were prepared using the NE-PER kit (Thermo Fisher Scientific) 
according to the manufacturer’s protocol and supplemented with PMSF and 
Halt phosphatase inhibitor (Thermo Fisher Scientific). Proteins were quanti-
fied by the Bradford method (Bio-Rad Laboratories) and separated by 10% 
SDS-PAGE. ECL SuperSignal (Thermo Fisher Scientific) system was used 
for detection. H-RAS antibody (C-20; Santa Cruz Biotechnology, Inc.) was 
used at 1:500 overnight at 4°C, and phospho-EGFR (Tyr1068), phospho-
IB (Ser32/36), pERK, and total ERK were used at 1:1,000 overnight at 
4°C and purchased from Cell Signaling Technology. For analysis of differ-
entiation markers, cultures were washed once with PBS (Ca2+ and Mg2+ 
free), and total cell lysates were prepared using 10 µl/cm2 lysis buffer (5% 
SDS and 20% 5-mercaptoethanol in 0.25 M Tris, pH 6.8). Detection of 
differentiation markers, keratin 1 and 10, has been described previously 
(Dlugosz and Yuspa, 1993). Rabbit antisera raised against synthetic peptides 
were used and have been described previously: anti–mouse p50 (no. 1263), 
p65 (no. 1207), p52 (no. 1495), cRel (no. 1266), and RelB (no. 1319; Rice 
and Ernst, 1993; Ernst et al., 1995; Whiteside et al., 1997).

RT-PCR analysis and gene expression analysis. RNA was isolated 
from cultured cells with TRIZOL according to the manufacturer’s protocol 
(Invitrogen). cDNA synthesis, real-time PCR analysis, and primer sequences 
were previously described (Cataisson et al., 2006, 2009). Laser-microdissected 
papillomas were used to prepare total cell lysates for NanoString analysis. 
The nCounter Gene Expression Assay was performed using two specific 
probes (capture and reporter) for each gene of interest. In brief, 5 µl LCM 
lysate from each laser-dissected papilloma was hybridized with the designed 
Reporter CodeSet and Capture ProbeSet (according to the manufacturer’s 
instructions; NanoString Technologies) for direct labeling of mRNAs of 
interest with molecular barcodes without the use of reverse transcription or 
amplification. The hybridized samples were recovered with the NanoString 
Prep Station, and the mRNA molecules were counted with the NanoString 
nCounter. The resulting counts were corrected by subtracting the mean 

to confirm the specificity of anti–IL-1 and anti–IL-1 neutralizing anti-
bodies. Thymi from 8-wk-old naive BALB/c mice were resected, and single-
cell thymocyte suspensions were plated at 1.5 × l06 cells/200 µl per well in 
RPM1 1640 medium supplemented with 5% vol/vol fetal calf serum, 4,  
2-mercaptoethanol (2ME), 0.5 µg/ml concanavalin A, 100 U/ml penicillin, 
100 U/ml streptomycin, 50 µg/ml gentamicin, and 200 µg/ml l-glutamine, in 
the presence or absence of 1 ng/ml recombinant mouse IL-1 or 1 ng/ml 
recombinant mouse IL-1. The effect of neutralizing antibodies to murine 
IL-1 (Abcam) and IL-1 (Abcam) was tested at concentrations ranging 
from 0.25 to 5 µg/ml. Rabbit IgG was used as control. Cultures were incu-
bated for 72 h and pulsed with 0.5 µCi [3H]thymidine per well for the final 
16 h of incubation. Thereafter, samples were harvested, and the radioactivity 
was determined in a liquid scintillation counter.

Mice and treatments. Mouse experiments were performed under a proto-
col approved by the National Cancer Institute (NCI) and National Institutes 
of Health Animal Care and Use Committee. Approximately 1 h before sac-
rifice, animals were injected with 250–300 µl of a 3-mg/ml solution of BrdU 
in sterile PBS. Samples were fixed in formalin or IHC zinc fixative (BD) and 
embedded in paraffin for hematoxylin and eosin (H&E) staining and immuno-
histochemistry. For BrdU staining, sections were treated as recommended 
by the manufacturer (Roche) using anti-BrdU-POD antibody (clone BMG 
6H8). Apoptosis, CD45, F4/80, and CD31 staining was performed by the 
Pathology/Histotechnology Laboratory (NCI core facility) using, respec-
tively, ApopTag kit (Millipore) or anti–PECAM-1/CD31 antibody (Santa 
Cruz Biotechnology, Inc.). The microvascular density was determined by 
counting the number of CD31-stained cells in at least five fields (400×; 
Eclipse E400; Nikon) per tumor originated from MyD88 WT or MyD88/ 
v-rasHa–transduced keratinocytes.

Tumor induction experiments. MyD88/ and IL-1R/ colonies were, 
respectively, maintained on C57BL/6NCr and C57BL/6J backgrounds. For 
the IL-1R set of experiments, WT and / were littermates. For the 
MyD88/ colony, the genetic match to the C57BL/6NCr was confirmed 
by microsatellite analysis. The dorsal skin of 7-wk-old mice was shaved with 
surgical clippers and subsequently checked for the lack of hair growth. Initia-
tion was accomplished by a single topical application of 400 nmol DMBA in 
0.2 ml acetone. Promoter treatments with 10 nmol TPA in 0.2 ml acetone, 
three times weekly, were begun 1 wk after initiation and continued for 20 wk. 
Skin tumors induced by the initiation-promotion protocol were removed 
and both frozen and formalin fixed at times from 20 to 40 wk after initiation. 
The eruption of new skin papillomas was monitored by skin palpation twice 
weekly. It is of note that in this model, C57BL/6J mice are more susceptible 
to develop papillomas than C57BL/6NCr mice (Fig. 1). The MyD88flox/flox 
mice (Kleinridders et al., 2009) were crossed with K5-Cre+ (Ramirez et al., 
2004) and Vav1-Cre+ (The Jackson Laboratory) to obtain specific deletion of 
MyD88 in keratinocytes (MyD88KC) and hematopoietic cells (MyD88BM), 
respectively. These mice were subjected to two-stage skin carcinogenesis as 
described above. To establish chimeras, mice received BM cells after mye-
loablative total body irradiation (1,100 cGy). 7 d before and after irradiation, 
mice received drinking water containing amoxicillin (125 mg per 250 ml of 
acid water). After irradiation, mice received 20 × 106 BM cells intravenously. 
2 mo after transplantation, the chimerism was tested and mice were subjected 
to skin painting protocol as described above. IL-18/ mice were purchased 
from the Jackson Laboratory.

Nude mouse grafting. On day 3 in culture, MyD88+/+, MyD88/, 
IL-1R+/+, or IL-1R/ primary keratinocytes were infected with the v-rasHa 
retrovirus and trypsinized and used for grafting on day 8 as described previ-
ously (Lichti et al., 2008). 4 million keratinocytes (for C57BL/6NCr) or  
7 million keratinocytes (for C57BL/6J) were mixed with 5 or 8 million 
SENCAR mouse primary dermal fibroblasts, respectively, (cultured for 1 wk) 
and grafted onto the back of nude mice on a prepared skin graft site located 
in the midback region unless specified otherwise (Lichti et al., 2008). Tumor 
dimensions were measured weekly using calipers, and approximate tumor 
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