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Skin cancers are the most commonly diagnosed cancers.

Understanding what are the factors contributing to skin

tumour development can be instrumental to identify pre-

ventive therapies. The myeloid differentiation primary

response gene (MyD)88, the downstream adaptor protein

of most Toll-like receptors (TLR), has been shown to be

involved in seve ral mouse tumourigenesis models. We

show here that TLR4, but not TLR2 or TLR9, is upstream of

MyD88 in skin tumourigenesis. TLR4 triggering is

not dependent on lipopolysaccharide associated to skin-

colonizing bacteria, but on the high mobility group box-1

protein (HMGB1), an endogenous ligand of TLR4. HMGB1

is released by necrotic keratinocytes and is required for

the recruitment of inflammatory cells and for the initiation

of inflammation. The expression of TLR4 on both bone

marrow-derived and radioresistant cells is necessary for

carcinogenesis. Consistently, a human tissue microarray

analysis showed that melanoma and colon cancer display

an over-expression of TLR4 and its downstream adaptor

protein MyD88 within tumours. Together, our results

suggest that the initial release of HMGB1 triggers

a TLR4-dependent inflammatory response that leads to

tumour development.
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Introduction

Toll-like receptors (TLRs) are a class of pattern recognition

receptors that are important sensors of pathogen invasion.

To date, 13 mammalian members of the TLR family have

been described that respond to different microbe-associated

molecular patterns, including viral or bacterial nucleic acids,

lipopolysaccharide (LPS) or lipoteichoic acids and flagellin

(Miyake, 2007). However, TLRs can also bind endogenously

generated ligands such as heat shock proteins (Ohashi et al,

2000; Vabulas et al, 2002; Roelofs et al, 2006), surfactant

protein A18 (Guillot et al, 2002), extracellular matrix compo-

nents (Rakoff-Nahoum and Medzhitov, 2009) and high

mobility group box-1 (HMGB1) (Park et al, 2004; Apetoh

et al, 2007). All TLRs except TLR3 signal through an adaptor

protein called MyD88 that is responsible for initiating a

cascade of events leading to NF-kB activation (Kawai and

Akira, 2007).

Mice deficient in MyD88 are protected against the develop-

ment of spontaneous intestinal tumours (Rakoff-Nahoum and

Medzhitov, 2007) as well as chemically induced skin (Swann

et al, 2008), intestinal (Rakoff-Nahoum and Medzhitov, 2007)

and liver cancers (Naugler et al, 2007). Evidence that TLRs

participate to cancer development comes from a study by

Fukata et al (2007) showing that colitis-associated cancer is

dependent on TLR4, as mice deficient for TLR4 display

reduced risk to develop intestinal cancers. The intestine

is colonized by trillions of commensal bacteria that partici-

pate to the digestive function (Ley et al, 2006) and could

provide TLR4 ligands, but a contribution of endogenous TLR4

ligands in tumourigenesis remains an unresolved question. A

possible function of endogenous ligands of TLRs in tumour

development comes from expression association studies; for

instance, HMGB1 has been shown to be over-expressed in

several human neoplasms including breast, colorectal, lung,

pancreatic, liver cancers and melanoma (Lotze et al, 2007).

HMGB1 is either passively released by injured or necrotic

cells (Scaffidi et al, 2002) or actively secreted by inflamma-

tory cells, including neutrophils, monocyte/macrophages and

dendritic cells (reviewed in van Beijnum et al, 2008). It can

function as a damage-associated molecular pattern and is

released extracellularly as a signal of tissue damage. HMGB1

has been shown in vitro to signal through several receptors,

including the receptor for advanced glycation end products

(RAGE) (Hori et al, 1995), TLR2, TLR4 (Yu et al, 2006) and

TLR9 in conjunction with CpG-DNA (Ivanov et al, 2007).

HMGB1 probably activates several different receptors in vivo,

perhaps with different modes (Bianchi, 2009). HMGB1 ad-

ministration in mice deficient for TLR2, TLR4 or RAGE

showed that in TLR4 or RAGE knock-out (KO) mice, there

was a drastically reduced production of inflammatory cyto-

kines, whereas TLR2 KO mice displayed even increased

inflammatory cytokine production (van Zoelen et al, 2009).

This suggests that HMGB1 binding to TLR4, but not TLR2

may be involved in the induction of inflammatory processes

in vivo. As inflammation has been linked to cancer develop-

ment (Balkwill and Mantovani, 2001; Coussens and Werb,

2002; Beachy et al, 2004; Clevers, 2004; Balkwill et al, 2005;

Robinson and Coussens, 2005; Karin et al, 2006), we analysed

whether TLR4 and its endogenous ligand HMGB1 could be

linked to inflammatory events and tumour development in

the skin.

In this manuscript, we used the well-established model of

two-step (croton oil (CO)/7,12-dimethylbenz(a)anthracene

(DMBA)) chemically induced skin carcinogenesis. We ana-

lysed the contribution of different TLRs that are upstream
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of MyD88 in skin tumourigenesis. We show that TLR4,

but not TLR2 or TLR9, is involved in tumour development.

We identified HMGB1 and not skin-colonizing bacteria-de-

rived LPS as the trigger of TLR4 that is responsible for the

recruitment of immune cells and the generation of a pro-

tumourigenic inflammatory response. Finally, TLR4 expres-

sion by both bone marrow-derived and radioresistant cells is

required for tumour development.

Results

TLR4 has an important function in mouse skin

tumourigenesis through an MyD88-dependent pathway

To analyse skin tumour development, we treated TLR4 KO

and C57BL/6 wild-type (WT) mice with DMBA once a week

for 2 weeks and then with CO twice a week for 34 weeks

(Figure 1A). Mice were then followed up to 56 weeks for

tumour development. We decided to use CO because it was

shown to induce the formation of melanomas, as well as

squamous cell carcinomas (Takizawa et al, 1985). However,

we could detect primarily papillomas and squamous cell

carcinomas (Supplementary Figure 1) and only two melano-

mas in 20 WT mice. TLR4 KO mice showed resistance to

tumour induction (Figure 1; Supplementary Figure 1A); the

number of papillomas (Figure 1B) and the percentage of mice

with carcinomas (Figure 1C) were significantly lower in TLR4

KO than WT mice. Furthermore, the time of appearance of

tumours after initiation was significantly different (Po0.05)

between TLR4 KO and WT mice as shown in Figure 1B. More

than 95% of WT mice appeared to have tumours, papilloma

or carcinoma after 25 weeks, whereas 430% of TLR4 KO

mice remained tumour free till the end of the experiment

(Figure 1D). Similarly to TLR4 KO mice, MyD88 KO mice

showed a significant resistance to tumour development

(Figure 1B–D). Thus, we concluded that TLR4 is having an

important function in tumour induction possibly through

the ‘MyD88-dependent’ signalling pathway. We also found

a higher expression of COX2 and MMP9 in the papillomas of

WT than TLR4-KO mice (Figure 1E). COX2 has been shown to

have a major function in skin carcinogenesis, as its inhibition

can reduce the occurrence of UV-induced skin tumours

(Fischer, 2002), whereas MMP9 is associated with the inva-

siveness and motility of tumour cells as well as with the

initiation and maintenance of growth of primary and

metastatic tumours (Chambers and Matrisian, 1997).

Skin tumourigenesis is not dependent on TLR2

and TLR9

As MyD88 is a common adaptor molecule for all of the TLRs

except TLR3, it was important to assess if other TLRs

participated to tumourigenesis. We analysed tumour induc-

tion in TLR2 and TLR9 KO mice with the same two-stage skin

carcinogenesis protocol. Interestingly, we found that in TLR2

and TLR9 mutant mice, tumour latency and tumour burden

were not statistically different from those of control animals

(Figure 1B–D; Supplementary Figure 1A). This data suggests

that tumour induction is primarily dependent on TLR4/

MyD88 and not on TLR2 and TLR9.

Environmental TLR4 is not involved in the growth

of the established tumours

Next, we evaluated whether TLR4 expression on non-tumour

cells was required to sustain the growth of established

tumours. We dissected established primary carcinomas
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Figure 1 TLR4 and MyD88 KO mice are resistant to chemical-induced skin carcinogenesis. (A) Schematic representation of carcinogenesis
protocol. Mice were followed up to a year and mice bearing a tumour 415 mm or sick were killed. (B) Average number of papillomas per
mouse after DMBA/CO two-stage chemical carcinogenesis in function of time (weeks). *Po0.05 between WT, TLR2 KO and TLR9 KO versus
TLR4 and MyD88 KO after 52 weeks. (C) Graph displaying percentage of mice carrying at least one carcinoma (in black) in the different genetic
backgrounds; 15 mice (MyD88, TLR9, TLR2), 17 mice (TLR4) and 20 mice (WT) were used. The experiment was repeated twice using the same
numerosity of mice with similar results. (D) Tumour incidence, showing the percentage of tumour-bearing mice over time. P1 (o0.01)
represents statistical significance value between TLR4 and WT and P2 (o0.01) represents statistical significance value between MyD88 and
WT. (E) Real-time PCR analysis for COX2 and MMP9 in the size-matched papillomas from WTand TLR4 KO mice. Data represents mRNA levels
expressed relative to ribosomal protein L32. Values represent means±s.d. of the mean from at least five papillomas from each genotype.
*Po0.05. The experiment was repeated twice with similar results.
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from WT mice, minced them into pieces of 1 mm3 and

transplanted them into both WT and TLR4 KO mice in both

flanks. After 3–4 weeks, we found that transplanted tumours

started growing in both types of mice in a similar manner

(Supplementary Figure 2A). Furthermore, we also injected

105 B16 melanoma cells in TLR4, TLR9, MyD88 KO and WT

mice and found that in all of the cases tumour growth was

similar (Supplementary Figure 2B). Injection of B16 cells into

TLR2 KO mice resulted in a reduction of tumour growth

(Supplementary Figure 2B). The reason for this delay is

unknown, but one could speculate that it may be due to a

reduction in T regulatory cells, whose generation and

function is dependent on TLR2 (Sutmuller et al, 2006).

Altogether, these results suggest that once the tumour is

established, the presence or absence of environmental TLR4

does not affect tumour growth.

TLR4 is required for skin inflammation-mediated

tumourigenesis

Many reports have shown a correlation between inflamma-

tion and cancer. Having shown that TLR4 and MyD88 KO

mice displayed reduced skin carcinogenesis, we analysed the

induction of an inflammatory reaction in the skins of treated

mice. TLR2, 4, 9, MyD88 KO and WT mice were treated

topically with CO one or multiple times as used in the

carcinogenesis protocol. Skins were collected for RNA extrac-

tion 12 h after treatment. We found an increased mRNA level

of inflammatory mediators, such as IL-6, IL-17, TNF-a, COX2

and IL-1b, in WT mice in comparison with TLR4 KO or

MyD88 KO mice (Figure 2A). The results are expressed as

fold induction of CO-treated versus acetone-treated mice in

each group. When later time points after treatment were

analysed (24, 48 h, 1 and 2 week), only the expression of

TNF-a was sustained (Supplementary Figure 3A), whereas

the expression of the other inflammatory cytokines was

transient, but could be induced after additional treatments

(data not shown). In contrast, TLR2 KO and TLR9 KO mice

had a similar expression of cytokines such as WT mice

(Figure 2A). For other mediators (IL-1a, IL-10, IL-12, IL-23),

we did not detect any significant difference in the expression

of genes in WT and TLR KO mice (Figure 2A). We confirmed

at protein level an increase in IL-6, IL-17 and IL-1b expression

in the skin of WT, but not of TLR4 KO mice (Figure 2B). 12-O-

tetradecanoylphorbol-13-acetate (TPA) is another tumour

promoter that has been frequently used along with DMBA

for skin carcinogenesis studies. Hence, we wanted to confirm

the function of TLR4 in skin inflammation-mediated tumour-

igenesis using TPA as tumour promoter. We painted the skin

of WT or TLR4 KO mice with TPA and collected it for qPCR

analysis. Again we found a reduced expression of inflamma-

tory cytokines such as IL-6, IL-17, COX2, IL-12a, TNF-a, IL-1b
in TLR4 KO mice (Supplementary Figure 3B). Overall, these

results suggest that mice lacking TLR4 and MyD88 have

reduced skin inflammation in response to tumour promoters.

TLR4 is required for the recruitment of inflammatory

cells

Immune cells recruited at the site of insult are the principal

mediators of the inflammatory response. Consistent with the

data on inflammatory mediators, after CO treatment we
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found an increased recruitment of granulocytes (Gr1þ ;

Figure 3A and B; Supplementary Figure 3C) and mono-

cytes/phagocytes (CD11bþ ; Figure 3B; Supplementary

Figure 3C) in the skin of WT mice compared with TLR4 KO

mice, as shown by immunohistochemistry (IHC) (Figure 3A)

or FACS analysis on cells isolated from the skin (Figure 3B).

No difference was observed in the frequency of dendritic cells

(data not shown). The recruitment of inflammatory cells

started at 24 h and was sustained at 48 h (Supplementary

Figure 3C). This recruitment was likely dependent on the

release of chemokines as we detected a time-dependent

production of KC (CXCL1) and MIP-2 in WT, but not in

TLR4 KO mice (Supplementary Figure 4). Of interest, there

were different kinetics of chemokine production suggesting

the recruitment of different inflammatory cells during the

progression of inflammation. Interestingly, we found that at

48 h, there was also an increase in the expression of S100A8

and S100A9 proteins in the skins of WT, but not TLR4 KO

mice, treated with CO (Figure 3C). S100A8 and S100A9 are

the most abundant cytoplasmic proteins of neutrophils and

monocytes, and strongly contribute to inflammation (Roth

et al, 2003). This data indicate that in the absence of TLR4

also the recruitment of inflammatory cells is impaired.

Both radioresistant and BM-derived cells are required

for tumour development

We then analysed the origin of the tumour-promoting cells.

We generated BM chimeras by injecting TLR4 KO or WT BM

cells into lethally irradiated WTor TLR4 KO mice (Figure 4A).

Effective BM reconstitution was assessed by FACS analysis

using CD45.1/CD45.2 markers of leukocyte populations.

After reconstitution, we used the skin carcinogenesis protocol

to induce tumours in chimeric mice. Interestingly, we found

that TLR4 expression in BM-derived cells was required for

papilloma development. The tumour burden and latency

were significantly affected when BM cells were TLR4 defi-

cient (Figure 4B). Chimeric mice of TLR4 WT BM into TLR4

KO recipients displayed papilloma formation at an inter-

mediate level as compared with positive control chimeras

(WT-WT) (Figure 4B and C). In contrast, carcinoma devel-

opment required TLR4 expression both on BM-derived and

radioresistant cells as none of the mice in the chimeric groups

except the positive control group (WT-WT) developed

carcinomas (Figure 4D). When we analysed the expression

of inflammatory cytokines in response to CO, and in parti-

cular of IL-6, which is involved in tumourigenesis (Ancrile

et al, 2007). We found that IL-6 was expressed primarily in

the skins of WT-WT chimeras and at intermediate levels

in WT-TLR4 KO chimeric skins, whereas it was minimally

expressed in the other chimeric combinations (Figure 4E). We

also found that TLR4 expression on inflammatory cells was

required for their recruitment into the skin, independently of

TLR4 expression of recipient mice (Supplementary Figure 5).

Indeed, we found that inflammatory cells were recruited in

the inflamed site only when the donor BM was WT for TLR4

(Supplementary Figure 5).

Carcinogen-induced inflammation is dependent on

HMGB1, but not on skin bacteria

One of the most common exogenous ligand for TLR4 is LPS,

the major component of the outer membrane of Gram-

negative bacteria, which can contaminate several reagent

preparations. We first ruled out the presence of endotoxin

contamination in CO by limulus amebocyte lysate assay (not

shown). Another explanation for the observed TLR4-depen-

dent inflammation is possible: during CO or TPA application,

skin-colonizing bacteria may breach the epithelial barrier and

trigger TLR4 with their associated LPS. To test this possibility,

we sterilized the shaved skin of WT mice with antiseptic or

90% ethanol 2 h before treating with CO. The effective
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elimination of colonizing bacteria was confirmed by plating

out any remaining skin-associated bacteria (Figure 5A).

Treatment with 90% ethanol had no effect on

the release of inflammatory mediators after CO application

except for IL-17 expression, whose reduction, however, did

not reach a statistically significant difference (Figure 5B).

This suggests that bacteria are not major contributors to

CO-induced inflammation. To exclude an involvement of

bacteria-released LPS after ethanol treatment to the induction

of inflammatory cytokines, we treated the mice with poly-

myxin B during CO treatment with or without 90% ethanol.

Polymyxin B is an LPS-binding antibiotic used to inactivate

potential LPS contaminations. We found no effect of poly-

myxin B on CO-induced expression of inflammatory cyto-

kines with or without ethanol (Figure 5B). Topically applied

LPS diluted in acetone did not cause upregulation of genes

of inflammatory cytokines (Figure 5B). This suggests that

bacteria-associated LPS does not have a function in skin

inflammation associated with tumourigenesis. Indeed, when

LPS was coadministered with CO (Supplementary Figure 6A),

a protective rather than a worsening effect was observed both

in terms of number of papillomas per mouse (Supplementary

Figure 6B) and percentage of mice that remained tumour free

(Supplementary Figure 6C). The reason for the protective effect

remains to be elucidated. Taken together, these data show that

LPS does not have a function in skin tumourigenesis.

Having excluded LPS as the major mediator of TLR4-

dependent skin inflammation, we sought for endogenous

ligands of TLR4. We focused our attention on HMGB1

because of its association with tumourigenesis (Lotze et al,

2007). Both necrotic and inflammatory cells can be a source

WT BM cells

TLR4 KO BM cells

WT

TLR4 KO

WT → WT (+)

TLR4 → WT

WT → TLR4

TLR4 → TLR4 (–)
Chimeras

Radiation

N
um

be
r 

of
 p

ap
ill

om
a/

m
ou

se

Weeks

*
*

*

M
ic

e 
w

ith
 

ca
rc

in
om

a 
(%

)

Weeks

20

40

60

80

100

0

M
ic

e 
w

ith
 tu

m
ou

r 
(%

) WT → WT
TLR4 → TLR4
WT → TLR4
TLR4 → WT

NS

*

F
ol

d 
in

du
ct

io
n

*

*
*

IL-6

A

B

C

D E

5040302010

0

10

20

30

40

20

40

60

80

100
21 15 15 15

0

1

2

3

0 15 30 45 60

WT → WT
TLR4 → TLR4
WT → TLR4
TLR4 → WT

TLR
4 

→
 W

T

W
T →

 T
LR

4

TLR
4 

→
 T

LR
4

W
T →

 W
T

W
T →

 W
T

W
T →

 T
LR

4

TLR
4 

→
 T

LR
4

TLR
4 

→
 W

T
0

Figure 4 Radioresistant and BM-derived cells both contribute to
skin tumourigenesis. (A) Schematic representation of skin carcino-
genesis protocol for chimeras. Mice were lethally irradiated
(R¼ 9.5 Gy), and 18 h later, injected i.v. with 2�106 BM cells.
Eight weeks later, mice were treated after the carcinogenesis proto-
col as shown in Figure 1A. (B) Average number of papillomas per
mouse in different chimeras group is shown over time. (C) Tumour
incidence, showing percentage of tumour-bearing mice over time.
(D) Graph displaying percentage of mice carrying at least one
carcinoma (in black) in the different genetic backgrounds. N¼ 21
for WT-WT and N¼ 15 for the other groups. One experiment was
carried out. (E) Fold induction of IL-6 gene expression in the skin
from chimeras taken 12 h after CO treatment and normalized to L32
mRNA. Values represent means±s.d. of the mean from five mice
per each group and the experiment was repeated three times.
*Po0.05. NS, not significant.

BA

B
ac

te
ria

 
co

un
t/c

m
2

IL-6

F
ol

d 
in

du
ct

io
n

F
ol

d 
in

du
ct

io
n

**

COX2

Eto
H+C

OCO

CO+P
BS

Eto
H+C

O+P
BS

LP
S

Eto
H+C

OCO

CO+P
B

Eto
H+C

O+P
B

LP
S

Eto
H+C

OCO

CO+P
B

Eto
H+C

O+P
B

LP
S

ND

ND

*

* *

TNF-�

0
50

100
150
200

0
5

10
15
20
25

0

2

4

6

8

0

3

6

9

12
IL-1� 

0

5

10

15
IL-17

F
ol

d 
in

du
ct

io
n

0

1

2

3

Control EtOH

Eto
H+C

OCO

CO+P
B

Eto
H+C

O+P
B

LP
S

Eto
H+C

OCO

CO+P
B

Eto
H+C

O+P
B

LP
S

Figure 5 Carcinogen-induced inflammation is not dependent on
skin bacteria or LPS. (A) Total number of bacteria/cm2 of the
back skin in mice treated or not (control) with ethanol (EtOH
90%). One representative experiment of three is shown. (B) Real-
time PCR analysis of mRNA isolated from skin extracts showing
expression of inflammatory cytokine genes in the group of WT mice
treated or not with antiseptics along with croton oil in combi-
nation or not with polymyxin B (PB). As a control, mice were
treated topically with LPS in acetone. *Po0.05, **Po0.01, ND,
not determined.

HMGB1-TLR4-dependent skin inflammation and tumourigenesis
D Mittal et al

The EMBO Journal VOL 29 | NO 13 | 2010 &2010 European Molecular Biology Organization2246



of HMGB1 during inflammation. Mice were treated with

either DMBA, CO (Supplementary Figure 7A) or TPA

(Figure 6A), and after 2, 6 or 12 h, a skin punchout was

removed and cultured to reach a total of 24 h from TPA or CO

treatment. The medium was then collected and the release of

HMGB1 and LDH was measured by ELISA. We found that in

the skins treated with TPA for 6 or 12 h, the release of HMGB1

and LDH was independent of the expression of TLR4

(Figure 6A). It is unlikely that this effect was due to a necrotic

event induced by the removal of the skins from the animals

as skins removed 2 h after CO treatment and left in culture

even longer than the skins treated for 6 or 12 h with CO

released very little HMGB1 (Figure 6A; Supplementary Figure

7A). Some release of HMGB1 was observed also in response

to DMBA alone, but it was minimal as compared with that

induced by CO (Supplementary Figure 7A). The correspon-

dence between HMGB1 and LDH release suggests that CO

treatment induces necrosis of skin cells, which release

HMGB1. Consistently, when we stained the skins for

HMGB1 by immunofluorescence, we found that HMGB1

was cytoplasmic in the superficial epidermal layer in both

TLR4 KO and WT animals after CO treatment, whereas it was

nuclear in control acetone-treated skins (Figure 6B). The

cytoplasmic location of HMGB1 is associated with cell stress,

and often precedes necrosis. The cells staining intensely for

HMGB1 in the skins of WT, but not TLR4 KO mice, are

inflammatory cells, consistent with the inability of TLR4 KO

cells to respond to HMGB1.

Our observations were reproduced in vitro: primary differ-

entiated keratinocytes treated with CO underwent necrosis

(as attested by double staining with propidium iodide and

Annexin V), and released HMGB1 and LDH (Figure 6C;

Supplementary Figure 7B). In addition, supernatants from

CO-treated keratinocytes cultures were capable to induce the

release of TNF-a by bone marrow-derived dendritic cells

(BM-DCs) from WT and not TLR4 KO mice (Supplementary

Figure 8). This was not due to the CO left over from the

keratinocytes culture as CO was unable to induce inflam-

matory cytokines when applied directly on the DCs

(Supplementary Figure 8).

HMGB1 is required to initiate inflammation

and to recruit inflammatory cells

We then analysed whether HMGB1 was responsible for CO-

or TPA-induced inflammation. Two drugs targeting HMGB1

have been used consistently: glycyrrhizin, a natural triter-

pene with anti-inflammatory properties (Mollica et al, 2007;

Sitia et al, 2007; Curtin et al, 2009), and Box-A, a fragment of

HMGB1 acting as a competitive antagonist (Yang et al, 2004;

Sitia et al, 2007; Andrassy et al, 2008; Muhammad et al,

2008). HMGB1 was neutralized using glycyrrhizin or Box-A

in combination or not with 90% ethanol. We found a drastic

reduction of inflammatory cytokine expression when using

either of the two inhibitors of HMGB1 both in WT mice

(Figure 7A) and in TLR2 KO mice (Supplementary Figure 9).

Inhibition of HMGB1 also resulted in a reduced recruitment of

neutrophils in the skin of WT mice (Figure 7B and C).

Together, these results suggest that HMGB1, which is released

independently of TLR4 expression after CO treatment, is the

endogenous ligand for TLR4 that induces both the upregula-

tion of inflammatory cytokine expression and the recruitment

of inflammatory cells.

Tissue microarray analysis

As HMGB1 is over-expressed in several tumours (Lotze et al,

2007), we analysed whether also MyD88 and TLR4 were

upregulated in cancer patients. We carried out a tissue
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microarray screening on colon and melanoma patients in

different stages of tumour progression from benign to malig-

nant. For both pathologies, we found a marked over-expression

of TLR4 and MyD88 in tumours (Figure 8). This over-expres-

sion was observed both on tumour cells and on the infiltrating

leukocytes (Figure 8D). Interestingly, there was a strong corre-

lation between TLR4 and MyD88 over-expression in the same

patients (Supplementary Figure 10A), suggesting that these are

not independent events. We also observed an upregulation in

MyD88 expression in ovarian and prostate cancer (Supple-

mentary Figure 10B), but not in other pathologies such as

breast, lung and bladder cancers (not shown).

Discussion

The involvement of chronic inflammation in tumour devel-

opment has been clearly shown in several animal models of

spontaneous or chemically induced carcinogenesis (Balkwill

and Mantovani, 2001; Coussens and Werb, 2002; Beachy

et al, 2004; Clevers, 2004; Balkwill et al, 2005; Robinson

and Coussens, 2005; Karin et al, 2006). We describe here that

chemically induced skin carcinogenesis is dependent on

the expression of MyD88 and TLR4, but not TLR2 or TLR9.

As MyD88 is the downstream adaptor also of IL-1/IL-18

receptors, we cannot exclude a possible involvement of

these receptors in a ‘sterile’ inflammation as recently sug-

gested (Chen et al, 2007). A recent report has shown that

TLR4 is protective against DMBA-induced skin tumours

(Yusuf et al, 2008). However, one-step chemical carcino-

genesis based only on continuous DMBA administration

does not depend on inflammation as tumour promotion

(Slaga, 1983). Further, topical application of DMBA leads

to contact hypersensitivity, which can protect the animals

against the carcinogenic activities of the compound (Klemme

et al, 1987). Hence, to our knowledge, we are the first to show

that TLR4 is involved in tumour development in a two-step

inflammation-induced skin tumourigenesis model.

TLR4 primarily recognizes LPS, which is a major compo-

nent of the Gram-negative outer membrane; however, we

found that LPS associated to skin-colonizing bacteria was not

involved in CO triggered inflammation, as antiseptics that

completely eliminated bacteria from the skin had no effect on

CO-induced inflammation and application of LPS concomi-

tant with CO had a protective rather than a worsening effect

on disease progression. Hence, we sought for an endogenous

ligand of TLR4. RAGE-deficient mice display reduced brain

(Taguchi et al, 2000) and skin (Gebhardt et al, 2008) tumours.

As HMGB1 can bind both RAGE and TLR4, we analysed

a possible contribution of HMGB1 in the TLR4-dependent

inflammation. We found that HMGB1 was promptly released

in the skins of CO-, but not DMBA-treated animals. HMGB1

and LDH release were closely correlated, which indicates a

common origin of these two molecules from cells dying

necrotically; cells dying by apoptosis release minute amounts

of HMGB1 in comparison with LDH (Scaffidi et al, 2002). It is

likely that in vivo the target cells of CO treatment are

keratinocytes as they underwent necrosis, and released

HMGB1 and LDH after CO treatment in vitro. This initial

release of HMGB1 was independent of TLR4 and was

required for leukocyte recruitment and inflammatory cyto-

kine production. However, to be recruited, inflammatory cells

had to express TLR4. Indeed, in chimeric mice, only TLR4-

positive BM-derived cells were recruited in the skin in

response to CO, independently of TLR4 expression in recipi-

ent skin cells. This may suggest a direct effect of HMGB1 on
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inflammatory cell migration through TLR4 triggering, maybe

through Src activation and focal adhesion formation

(Palumbo et al, 2009). HMGB1 has been shown to bind

also TLR2 in vitro; however, we could not detect any reduc-

tion in tumourigenesis in TLR2 KO mice. There could be two

explanations for this observation, the first that in vivo

HMGB1 binds only to TLR4 as recently suggested (Yu et al,

2006; van Zoelen et al, 2009), and the second that HMGB1

binding to TLR2 may be structurally and mechanistically

different. In fact, TLR2 was recently shown to be a receptor

for nucleosome-bound HMGB1, and not for free HMGB1

(Urbonaviciute et al, 2008). HMGB1 can also bind

CpG-DNA and signal through TLR9 (Ivanov et al, 2007).

However, TLR9 KO mice were similarly susceptible to tumour

development as WT mice. Bacteria that are the major source

of CpG-DNA do not seem to induce local inflammation in the

skin suggesting that TLR9 signalling may not occur. HMGB1

and HMGB2 have also been shown to mediate the nucleic

acid-dependent activation of TLR3 and TLR7 (Yanai et al,

2009). Our results indicate that TLR4 is sufficient to induce

tumour development, but do not rule out the possibility that

TLR3 or TLR7 may also be involved.

Inflammatory cytokines, including IL-6, TNF-a, IL-17 and

COX2, that are associated with several inflammation-induced

cancers (Moore et al, 1999; Fosslien, 2000; Numasaki et al,

2003; Ancrile et al, 2007; Naugler et al, 2007; Grivennikov

and Karin, 2008; Grivennikov et al, 2009) were expressed

before an overt recruitment of inflammatory cells (12 h

after CO treatment, whereas immune cells were recruited

only at 24 h). This suggests that HMGB1 triggers

TLR4-positive resident cells for an initial inflammatory

response that then culminates with the recruitment of

inflammatory cells. These resident cells, however, are not

likely to be radioresistant, as chimeric mice in which TLR4

KO BM cells were transplanted into WT recipients did not

show production of inflammatory cytokines. This suggests

that keratinocytes release HMGB1 that then acts on resident

bone marrow-derived cells. Indeed, culture supernatants of

CO-treated keratinocytes could induce BM-DCs to release

inflammatory cytokines in a TLR4-dependent manner.

At 48 h, consistent with the presence of inflammatory cells,

we observed an increase of S100A8 and S100A9, proteins that

are strong mediators of inflammation (Roth et al, 2003).

These molecules have been recently shown to interact with

TLR4 (Vogl et al, 2007). Given the late expression of these

proteins and the finding that specific inhibition of HMGB1

was sufficient to inhibit cytokine release and recruitment

of leukocytes, it is unlikely that S100A8 and S100A9

may participate to the initiation of the inflammatory

response. However, it is possible that they may contribute

to tumour development through the amplification of the

inflammatory response.

Another important observation of our study is that while

papilloma formation is dependent on TLR4 expression on

BM-derived cells, carcinoma development is a result of TLR4

engagement on both immune cells and redioresistant cells.

This suggests that sensors of inflammation are needed both

on immune and on host cells for cancer formation. Indeed,

we found an over-expression of TLR4 and MyD88 both on

tumour cells and on the infiltrating leukocytes in melanoma
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patients as compared with benign lesions. Thus, we can

hypothesize that CO induces an initial TLR4-independent

tissue damage event leading to HMGB1 release (Supple-

mentary Figure 11A). This is supported by the observation

that concomitant to HMGB1 release, we observed LDH

release in response to CO treatment. LDH is a marker of

necrotic cell death. This HMGB1 acts on resident TLR4

proficient cells by inducing an initial wave of inflammatory

cytokines and is involved in the recruitment of inflammatory

cells. The inflammatory cell recruitment is dependent directly

on HMGB1 through TLR4 triggering. Hence, we show

that inflammation-dependent skin tumourigenesis is a multi-

factorial process that is dependent on a damage response

mediated by HMGB1 and on TLR4 expression on BM-derived

cells for the recruitment of inflammatory cells and papilloma

development, and on radioresistant cells for progression to

carcinoma (Supplementary Figure 11B).

Materials and methods

Mice
C57BL/6 and C57BL/6 Ly5.1þ mice were purchased from Harlan
and Charles River Laboratories, respectively. TLR2-deficient mice,
TLR4-deficient mice, TLR9-deficient mice and MyD88-deficient
mice were obtained from S Akira (Osaka University, Osaka, Japan).
All animals were on pure C57BL/6 background and were
maintained in microinsulator cages in a specific pathogen-free
animal facility at the IFOM-IEO CAMPUS, Milan, Italy. All experi-
ments were performed in accordance with the guidelines estab-
lished in the Principles of Laboratory Animal Care (directive
86/609/EEC) and approved by the Italian Ministry of Health.

Reagents
The 7,12-dimethylbenz[a]anthracene (DMBA), CO, TPA were
purchased from Sigma-Aldrich. Fluorescent-conjugated anti-
CD11b, anti-CD11c, anti-GR1, anti-CD45.1, anti-CD45.2 were
purchased from BD-pharmingen. Recombinant Box-A was provided
by HMGBiotech (Milan, Italy); it was produced and purified as
described earlier. Glycyrrhizin was obtained from Minophagen
Pharmaceutical, Tokyo, Japan.

Skin tumourigenesis
Tumourigenesis was induced with two-stage skin carcinogenesis
protocol (Takizawa et al, 1985) with slight modifications. In short, 4
weeks old female WT, TLRs KO and MyD88 KO mice (all on C57BL/
6 background) were shaved and painted topically with 400 nM of
DMBA in 0.2 ml of acetone. Two weeks later, 200 mg of CO in 0.1 ml
of acetone was applied twice a week on the skin for 34 weeks.
The occurrence of papillomas or carcinomas was recorded each
week starting at 8 weeks after CO promotion. Growths that were
41 mm in diameter and that persisted for at least 2 weeks were
defined as tumours and recorded. For acute treatment, mice were
treated with a single dose of CO or TPA (10 nM in 0.1 ml of acetone),
and 12 or 24 h after the last treatment, skin was taken for RNA
analysis or IHC.

Primary keratinocytes culture
Murine epidermal keratinocytes were obtained from 2-day-old C57/
BL6 mice and cultured as described earlier (Caldelari et al, 2000).
Cells were seeded at a concentration of 150�103 cells per well on
collagen I-coated 24-wells plate in defined keratinocyte serum-
free medium (Gibco) supplemented with 10 ng/ml of EGF (R&D
system) and 10�10 M of cholera toxin (Sigma). Differentiation
of keratinocytes was induced by adding 1 mM of CaCl2 in the
culture medium for 3 days. Cells were starved for 6 h in keratinocyte
serum-free medium without the addition of growth factors before
stimulation. Cells were stimulated with DMBA (1mM), CO (0.5 mg/
ml) or an equivalent volume of acetone as control, overnight at
371C. Supernatants were collected and used to activate murine
dendritic cells.

Isolation of BMDCs
Total bone marrow cells were flushed from femurs with DPBS. Two
million cells/dish were plated in 10 ml of 30% R1 using 100 mm
petri dishes. A total of 10 ml of fresh medium was added after 3 days
and half of the medium was changed after every 2 days. Cells were
replated after day 8 and used for the experiment. BMDCs were
activated either with supernatants from keratinocytes pre-treated
with DMBA and CO or with DMBA and CO directly. The supernatant
was collected after 20 h for ELISA.

Tumour transplant
WT mice that reached the carcinoma size of 1 cm were killed and
the tumour was excised. Tumour was dipped once into ethanol 70%
and then washed twice with PBS. Sterile scalpels were used to
mince tumour into pieces of 1 mm3 and 3–4 pieces of those minced
tumours were transplanted subcutaneously into both flanks of WT
and TLR4 KO mice (Reiners et al, 1997). Tumour growth was
recorded every week and the mice that were found infected at the
area of transplantation were killed and excluded from the study.

Quantitative RT–PCR analysis
Total RNA was extracted from mouse skin or papilloma by using
Trizol reagent and purified through Qiagen columns; 1mg of total
RNA was reverse transcribed using random primers in a total
volume of 20ml at 421C for 60 min. Quantitative real-time PCR
(RT–PCR) was performed using Syber Green assays. The expression
of different cytokines and chemokines, for example IL-6, IL-17,
IL-10, IL-12a, IL-12b, COX2, MMP9, was normalized with ribo-
somal protein L32 (RPL32). All PCR experiments were performed
in triplicate, and standard deviations were calculated and displayed
as error bars. The primer sequences are listed in Supplementary
Table 1.

Flow cytometry
The skin was incubated at 371C with medium containing 1%
collagenase and 5 U/ml DNase enzyme (DNase I, BioLabs) in RPMI
supplemented with 2% foetal bovine serum, 100 IU/ml penicillin,
100 mg/ml streptomycin, at 371C in 5% CO2 incubator for 1 h.
Intermittently, skin was scraped with 21G needle every 10–20 min to
release the cells. After washing the samples with PBS, skin cells
were collected by passing the digested fragments through 70mm cell
filter. Cells were stained with fluorochrome-conjugated monoclonal
antibodies for CD11b, CD11c, Gr-1.

Immunohistochemical analysis
The formalin-fixed biopsies were embedded in paraffin, and the
snap frozen biopsies were placed in Tissue-Tek OCT (Sakura).
Paraffin-embedded sections were sliced at 5 mm thickness, depar-
affinized and heated in 0.25 mM EDTA (pH 8) for 50 min at 651C.
After blocking, the sections were incubated with Gr-1 antibody at
41C overnight. Sections were incubated with secondary antibody
directly conjugated with HRP and counterstained with haematox-
ylin. For tissue microarray studies, immunohistochemical staining
was performed 2 h at room temperature with primary antibodies
(anti-TLR4, anti-MYD88 diluted in Dako diluent) followed by
detection with the DAKO EnVision Plus system and, for melano-
ma-specific TMA, VECTOR VIP (SK-4600, Peroxidase substrate kit,
Vector laboratories, Inc. Burlingame, Ca 94010), as described earlier
(Nicassio et al, 2005). A semiquantitative score was used to assess
SOS1pY expression: 0, no staining; 1, weak; 2, moderate; 3, high
staining. For statistical analysis purposes, two risk groups were then
defined according to the given scores: Low-Neg class (intensity
scores lower or equal to 1) and Mod-High Class (intensity scores
higher than 1).

Immunofluorescence analyses
Excised skin samples were kept in PLP buffer (37.5% 0.1 M
periodate—37.5% 0.2 M L-lysine—25% of 4% paraformaldehyde)
overnight at þ 41C. Samples were washed twice with PBS and
dehydrated in 20% sucrose solution for at least 4 h at þ 41C.
Samples were embedded in Tissue-Tek OCTand 5mm thick sections
were stained with rabbit anti-HMGB1 (Abcam) or rat anti-GR1 after
blocking with 1% bovine serum albumin in 0.1 M Tris–Cl. Samples
were incubated with appropriate Alexa-fluor-conjugated secondary
antibodies (Invitrogen). Images were obtained with a microscope
(Biosystems BX-71, Olympus) and analysed using ImageJ software.
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Bone marrow chimeras
Mice were lethally irradiated with 10 Gy of radiation and BM cells
from CD45.1/CD45.2 congenic mice were purified using Ficoll
reagent. Two million BM mononuclear cells were injected intra-
venously into the irradiated mice 18 h after irradiation to form
chimeras. These mice were kept in isolators and provided
neomycin-containing water until 4 weeks. Bone marrow reconsti-
tution was confirmed by FACS analysis on the blood samples
using CD45.1/CD45.2 markers of leukocyte populations. Skin
tumourigenesis protocol was performed 8 weeks after bone
marrow transfer.

Injection of Box-A or glycyrrhizin
Recombinant Box-A (2 mg/mouse) in acetone and glycyrrhizin
(15 mg/mouse) were administered topically and intraperitoneally,
2 h before treatment with CO. Skin was taken 12 h after CO
treatment for RNA analysis.

ELISA
WT and TLR4 KO mice were treated with CO or TPA and skin
was taken and put in DMEM medium with 5% penicillin/
streptomycin, 10% nonessential amino acids. Skin supernatant
was taken 24 h after CO treatment and analysed for different
cytokines with ELISA. LDH and HMGB1 release were determined
using a cytotoxicity assay (Promega) and an ELISA kit (Shino-test
Corporation), respectively.

Tissue microarray
For the large-scale screening study, formalin-fixed and paraffin-
embedded tumour and normal (when available) specimens were
provided by the Pathology Departments of Ospedale Maggiore
(Novara), Presidio Ospedaliero (Vimercate) and Ospedale Sacco
(Milano). Samples arrayed included breast, colorectal, lung,
prostate, larynx, kidney carcinomas and lymphoma, sarcoma and
melanoma.

Two tissue microarrays, one mainly composed of tumour and the
other with corresponding normal tissues, were specifically designed
for the screening and prepared as earlier described with minor
modification (Kononen et al, 1998); 2-mm sections of each TMA
were cut, mounted on glass slides and processed for IHC.

The in-depth analysis was designed by two melanoma-specific
microarrays composed of 34 benign lesions (nevi), 135 melanoma
and 61 metastatic melanoma provided by the Pathology Depart-
ments of Ospedale S. Paolo (HSP, Milano) and European Institute
for Oncology (IEO, Milano) and a colon-specific micro-
array composed of 39 normal colon epithelium, 5 hyperplasia, 23
adenoma, 104 carcinoma and 1 metastatic carcinoma provided by
the Presidio Ospedaliero (Vimercate) and European Institute for
Oncology (IEO, Milano). From each sample were arrayed two
representative areas.

Statistical analysis
For tissue microarray, association between the clinico-pathologic
features of the tumours and gene expression was evaluated by the
ANOVA and Student’s t-test. The recognized prognostic factors
including in analysis were Breslow index, Clark status, pathological
stage, TNM staging system and histotype. Student’s paired t-test
was used to determine the statistical significance of the data.
Significance was defined as *Po0.05; **Po0.01; ***Po0.001 (two-
tailed test and two-sample equal variance parameters). All statistical
calculations were performed by JMP 5.1 software (SAS Cary).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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