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Interleukin (IL)-6 is a pleiotropic cytokine that has
been shown to inhibit the growth of early stage and to
promote the proliferation of advanced stage mela-
noma cells in vitro. In patients with metastasizing
melanomas, highly increased IL-6 blood levels corre-
late with a poor response to chemotherapy and a
worse overall prognosis, suggesting that IL-6 pro-
motes melanoma progression in vivo. Here, we ana-
lyzed the role of IL-6 in melanoma development and
progression in a transgenic mouse model. We bred
IL-6-deficient mice with MT-ret transgenic animals
predisposed for melanomas. While MT-ret transgenic
animals develop severe melanosis of the skin and
subcutis and subsequent melanomas at an incidence
of 80% during their first year of life, MT-ret mice
devoid of IL-6 developed preneoplastic melanosis and
consecutive melanomas significantly less frequently
(47%; P < 0.05). Moreover, the tumors were signifi-
cantly smaller in the groups of MT-ret mice lacking
one (P < 0.05) or both (P < 0.01) copies of the IL-6
gene. Immunoblot analysis revealed that ret trans-
gene expression was not reduced in the skin of mice
lacking IL-6, indicating that the observed decrease of
melanoma incidence and of tumor sizes was not be-
cause of a down-regulation of transgene expression.
Taken together, these results indicate that IL-6 en-
hances both the development of melanoma precursor
lesions and the subsequent growth of the resulting
tumors in the MT-ret model of melanoma develop-
ment. (Am J Pathol 2005, 166:831–841)

Interleukin (IL)-6 is a pleiotropic cytokine that induces the
acute phase response, stimulates B- and T-lymphocytes,
and regulates the growth, differentiation, and death of
several cell populations including neurons and melano-
cytes.1–3 IL-6 promotes the development and progres-
sion of plasmacytomas4 and gliomas4,5 in vivo. It is also a
growth-promoting factor for human basal cell carcinoma,
Kaposi’s sarcoma, and prostate cancer cells in vitro.3,6

The IL-6 receptor system consists of IL-6 receptor �
(IL-6R�), the primary IL-6 receptor, and the ubiquitous
gp130 signal-transducing receptor subunit. Binding of
IL-6 to its receptor complex leads to the activation of
janus kinases (Jaks) and subsequent phosphorylation,
dimerization, and nuclear translocation of signal trans-
ducer and activator of transcription 3 (STAT3).2,7 STAT3
promotes tumor progression by regulating the expression
of genes involved in growth control such as c-myc, anti-
apoptosis [Bcl-x(L) and Mcl-1] and angiogenesis (vascu-
lar endothelial growth factor).8–11 In a recent study,
STAT3 was found to be constitutively activated in some,
but not all human melanoma cell lines and tumor speci-
mens analyzed.12 However, blocking experiments re-
vealed that STAT3 activation in these cell lines was ap-
parently mainly caused by Src tyrosine kinase activity
and not by Jak activation.12

In vitro growth of early stage melanoma cells has been
shown to be inhibited by IL-6 in several studies.13–16 In
the A375 cell line, this inhibition is mediated by IL-6-
induced STAT activation.17,18 Cells derived from ad-
vanced melanomas at metastatic stages often lose this
anti-proliferative response to IL-6.16,19,20 In fact, anti-
sense oligonucleotides blocking IL-6 gene expression
inhibited the growth of these cell lines, suggesting that
IL-6 promotes advanced stage melanoma cell growth by
an autocrine mechanism.19 In support of this hypothesis,
melanoma cells, and especially cells from advanced tu-
mors, have been shown to express both IL-6 and IL-6
receptor �.19,21–26 Moreover, IL-6 is probably produced
in significant amounts as a paracrine stimulator by stro-
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mal cells and by cells in the invaded tissue in the vicinity
of melanomas including cells of reactive inflammatory
infiltrates. In addition, ultraviolet light alters the expres-
sion of many genes in keratinocytes with a consequent
release of cytokines such as IL-1�, IL-6, and IL-12 in vitro,
27 suggesting that exposure to sunlight might increase
IL-6 levels in skin.

Supporting the hypothesis that IL-6 promotes late-
stage melanoma progression, elevated IL-6 serum levels
have been found in patients with metastatic melanoma;
IL-6 elevation was associated with larger tumor burden,
resistance to chemo- and immunotherapy, and shorter
median survival rate.28–30 Taken together, IL-6 effects on
melanomas appear to be variable, depending on the
tumor cell lines studied and on the stage of the disease.

To elucidate the functional role of IL-6 in the pathogen-
esis of melanomas in vivo, we made use of a mouse
model that reflects the full range of progressive conver-
sions of nonneoplastic melanocytes to melanoma cells.
MT-ret transgenic mice express the human cellular Ret
oncogene under the control of a mouse metallothionein-I
(MT) promotor-enhancer.31 Metallothionein is expressed
in mouse and human skin.32–34 In MT-ret transgenic an-
imals, the c-Ret protein is expressed in the skin, mainly in
the inner and outer root sheaths of hair follicles.35 Highest
expression levels are found soon after birth.35 Homozy-
gous MT-ret mice die in utero.36 Heterozygous MT-ret
(MT-ret�/�) transgenic 304BL/6 mice are viable and de-
velop severe systemic melanosis of the skin and the
subcutis; melanocytic skin tumors develop from these
precursor lesions and progress to malignant melano-
mas.36 The development of these malignant melanomas,
most of which are phenotypically related to small cell
melanomas in humans, resembles malignant transforma-
tion of human giant congenital melanocytic nevus and
neurocutaneous melanosis.

To analyze the contribution of IL-6 to the development
and progression of melanomas in MT-ret mice, we
crossed these mice with IL-6-deficient animals.37 We re-
port here that ablation of IL-6 leads to a reduction in
tumor incidence and tumor size in this model of sponta-
neous melanoma.

Materials and Methods

Metallothionein/Ret Transgenic and IL-6-
Deficient Mice

MT-ret transgenic mice36 were crossed with IL-6-defi-
cient mice.37 All mice had been backcrossed for at least
10 generations to the C57BL/6 background. To produce
MT-ret�/�/IL-6�/� and MT-ret�/�/IL-6�/� mice, MT-ret�/�

mice were crossed with IL-6�/� mice and heterozygous
MT-ret�/�/IL-6�/� offspring was crossed again to yield
the MT-ret�/�/IL-6�/� genotype. Genotyping was per-
formed by polymerase chain reaction of DNA isolated
from tail biopsies (MT-ret�/� sense, 5�TCC CTT TTT GAT
CAT ATC TAC ACC A3� and MT-ret�/� anti-sense, 5�AAT
CCA TGT GGA AGG GAG GGC TCG A3�, IL-6�/� 5�TTC
CATC CAG TTG CCT TCT TGG3�, and 5�TTC TCA TTT

CCA CGA TTT CCC AG�3, or neo 5�-CCG GAG AAC CTG
CGT GCA ATC C3�). Details of the genotyping procedure
are available on request. Tail DNA of all mice was stored
at 4°C for regenotyping. The mice were monitored daily.
Five weeks after the first detection of a visible or palpable
tumor, the animals were killed using CO2. The carcasses
were dissected and inspected carefully. The number of
tumor nodules was counted. The diameters of all tumors
in whole mount sections of the tumor-infiltrated areas
were measured using a microscopic scale bar. Animals
that did not develop a tumor were killed at 65 weeks of
age. Tumor incidence and acceleration was monitored in
Kaplan-Meier curves. These results were analyzed sta-
tistically using Wilcoxon’s signed-rank test. The extent of
tumor necrosis in each group was determined by count-
ing the number of tumor nodules containing necrotic
areas. These data were evaluated statistically using the
�2 test. All experiments were performed according to the
laws of the State of Bern governing the welfare of animals.

Sample Preparation

Normal skin biopsies, preneoplastic and neoplastic skin
lesions, metastases, and all major organs were fixed in
4% buffered paraformaldehyde overnight at room temper-
ature and embedded in paraffin. Paraffin sections were
stained with hematoxylin and eosin (H&E) and analyzed
histologically to assess tumor morphology, spread, vascu-
larization, and interactions with adjacent tissues. In addition,
unfixed material was snap-frozen in liquid nitrogen and
stored at �80°C for cryostat sectioning and for molecular
biological and enzymatic studies.

Immunohistochemistry and Lectin Staining

Immunostainings were performed using a polyclonal an-
tiserum against S100 protein (DAKO, Glostrup, Denmark)
and polyclonal antisera against STAT3 (Santa Cruz Bio-
technology, Santa Cruz, CA) as well as activated, ty-
rosine 705 phosphorylated pY-STAT3 (Cell Signaling
Technology, Beverly, MA). Consecutive 3- to 5-�m par-
affin sections and cryostat sections were subjected to
immunostaining using the alkaline phosphatase tech-
nique. Tissue sections were pretreated by boiling either
in a pressure cooker for 5 minutes in citrate buffer at pH
6.0 (S100, STAT3) or in a microwave oven for 3 � 5
minutes in 5% urea buffer (pY-STAT3) and then washed
for 5 minutes in Tris-buffered saline. Sections were then
incubated for 30 minutes at 37°C with 10% normal goat
serum before overnight incubation at 4°C with the primary
antibody diluted 1:300 in 10% normal goat serum. Bound
antibody was visualized using biotinylated goat anti-rab-
bit IgG or goat anti-mouse IgG (DAKO), alkaline phos-
phatase-conjugated streptavidin (DAKO), and new fuch-
sin-naphtol, followed by counterstaining with Mayer’s
hematoxylin. To ensure the specificity of the primary an-
tibodies, consecutive tissue sections were incubated ei-
ther in the absence of primary antibody or with IgG of a
nonimmunized rabbit. In these control sections no immu-
nostaining was detected (not shown). Positive controls for
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the STAT3 and pY-STAT3 immunostaining included par-
affin sections of 1) sections of brains of transgenic mice
overexpressing the v-src oncogene in astrocytes under
the control of the GFAP promoter, thereby constitutively
activating STAT3;5 2) human glioblastomas, which over-
express STAT3 and accumulate activated pY-STAT3;5,38

and 3) mouse dorsal root ganglion neurons, which con-
stitutively express IL-6 and IL-6R�.39 In addition, staining
with Bandeiraea simplicifolia lectin (Sigma, St. Louis, MO)
was used to label lymphocytes as described.40 Lymph
nodes of MT-ret mice served as positive controls. Paraffin
sections from seven tumor-bearing mice of each group
were stained using the lectin. The total number of tumor
nodules as well as the number of nodules containing
labeled cells was counted.

Generation of an MT-Ret Melanoma Cell Line
and Cell Culture Conditions

A cell line (Mel25) was generated from a primary neck
melanoma of a 29-week-old MT-ret�/� mouse. Tumor
cells were dissociated by sieving through cell strainers
(Falcon Becton Dickinson, Basel, Switzerland) and cul-
tured in Dulbecco’s modified Eagle’s medium supple-
mented with 6% bovine calf serum and 6% horse serum.
The cultures were treated with 100 �g/ml of cis-hy-
droxyproline (Sigma) as described41 until complete re-
moval of fibroblasts. The cell line has now been cultured
for more than 40 passages and is morphologically stable.
It is immunoreactive for S100 protein, a melanoma cell
marker (Figure 1h), and shows overexpression of Ret
(Figure 3a). To determine whether Mel 25 cells express
IL-6 and IL-6 receptor, reverse transcriptase-polymerase
chain reaction was performed using the following primer
sequences: mu IL-6 for 5�AGT TGC CTT CTT GGG ACT
GA3� and mu IL-6 reverse 5�CAG AAT TGC CAT TGC
ACA AC3�. Mu IL-6R for 5�AAG CTT GGT TCC GAT TTC
CT3� and mu IL-6R reverse 5�TTC GCC TGA AGT CCT
GAG AT3�. The �-actin gene served as a control: mu
�-actin for 5�GCT ACA GCT TCA CCA CCA CA3� and mu
�-actin reverse 5�AAG GAA GGC TGG AAA AGA GC3�.

To assess the response of Mel25 cells to exogenous
IL-6 and IL-6R�, melanoma cells were starved for 2 hours
in serum-free medium and then cultured in Dulbecco’s
modified Eagle’s medium for 15 and 30 minutes in the
presence or absence of 10 to 100 ng/ml of recombinant
IL-6 (R&D Systems, Abingdon, UK) or incubated for 0
minutes, 15 minutes, 1 hour, 6 hours, 24 hours, and 72
hours with 100 ng/ml of hyper-IL-6 (H-IL-6), a fusion
protein of sIL-6R and IL-6, linked by a flexible peptide
chain42 (generous gift by Prof. S. Rose-John, University
of Kiel, Kiel, Germany). After incubation with H-IL-6, the
survival and proliferation of Mel25 cells was analyzed
using the MTT assay as described.43 The melanoma cell
lines A375 (human) and B16-F0 (mouse, both obtained
from American Type Culture Collection, Rockville, MD)
served as controls. The pharmacological blockers,
LY294002 and PD90059, were purchased from Sigma and
Calbiochem (San Diego, CA), respectively. Using the MTT
assay and these blockers, we determined survival-promot-

ing effects of the PI3K/Akt and of the MAPK pathways,
respectively, in Mel25 cells under full serum conditions.

Cell Lysis and Western Blot Analysis

Mouse tissues were snap-frozen in liquid nitrogen imme-
diately on removal and weighed. Tissues were homoge-
nized in ice-cold buffer (10% w/v) containing 0.32 mol/L
sucrose, 0.5% Nonidet P-40, 0.5% sodium deoxycholate
plus NaVO4, and Complete Protease Inhibitor Cocktail
(Roche Diagnostics, Rotkreuz, Switzerland). Cultured
melanoma cells were lysed on the plate with RIPA lysis
buffer, Complete Protease Inhibitor Cocktail, and NaVO4.
The lysates were cleared by centrifugation at 14,000 � g.

Protein concentration was determined by use of the
BCA kit (Pierce, Rockford, IL) using bovine serum albu-
min as a standard. Equal amounts of protein on each lane
were separated on 10% sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis gels. The samples were
then transferred (wet) on nitrocellulose paper. After
blocking with 5% skim milk, blots were incubated with
polyclonal antisera against Ret and STAT3 (both Santa
Cruz Biotechnology), tyrosine-705 phosphorylated pY-
STAT3 (Cell Signaling Technology), polyclonal anti-phos-
pho-Akt (phospho-Ser 473) (Cell Signaling Technology);
polyclonal anti-Akt 1:1000 (Cell Signaling Technology);
monoclonal anti-phospho-p44/42 MAPK (Cell Signaling
Technology) at 1:2000; monoclonal anti-MAPK at 1:5000
(BD Transduction Laboratories, Franklin Lakes, NJ) in 1%
bovine serum albumin in Tris-buffered saline-Tween over-
night followed by three 1-hour washes in Tris-buffered
saline-Tween, and incubated with horseradish peroxi-
dase-conjugated goat anti-rabbit antibodies (Pierce). Af-
ter washing three times for 1 hour in Tris-buffered saline-
Tween, blots were incubated for 1 minute with the ECL
reagent (Pierce). Chemiluminescence was detected ex-
posing the membranes to Kodak X-Omat films (Eastman-
Kodak, Rochester, NY) for periods of 30 seconds to 12
hours.

Results

Decreased Incidence of Melanotic Precursor
Lesions in MT-Ret�/�/IL-6�/� Mice

To assess the functional role of IL-6 in the pathogenesis
of spontaneously arising malignant melanoma we com-
pared the incidence of the melanoma precursor lesions,
melanosis, and of malignant melanomas in MT-ret�/�,
MT-ret�/�/IL-6�/� (heterozygous IL-6 knockout), and MT-
ret�/�/IL-6�/� (homozygous IL-6 knockout) mouse
strains. Melanosis of the skin, the subcutis, and the ad-
jacent skeletal muscles was detected in 36 of 45 (80%)
MT-ret�/� mice, and in 13 of 19 (68%) MT-ret�/�/IL-6�/�

animals. The difference in the incidence of melanosis
between the MT-ret�/� and the MT-ret�/�/IL-6�/� mice
was not statistically significant (P � 0.1). However, only 7
of 15 (47%) MT-ret�/� mice that did not express any IL-6
(MT-ret�/�/IL-6�/� mice) developed melanosis. The dif-
ference in the incidences of melanosis between the MT-
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ret�/� group and the MT-ret�/�/IL-6�/� group was statis-
tically significant (P � 0.02), indicating that the absence
of IL-6 affects the development of the preneoplastic skin
lesions. In those animals that developed melanosis, the
extent of involvement of the skin and of adjacent struc-
tures showed no apparent difference whether the animals
expressed IL-6 or not. The melanotic cells were S100-
immunoreactive and often accumulated in the vicinity of
hair follicles (Figure 1; a to c). The genotype of the MT-
ret�/� mice of all three groups that did not develop mel-
anosis was determined a second time using new tail
biopsies as well as the DNA from the first biopsies that
had been stored at 4°C. The initial genotyping of all
nonmelanotic MT-ret�/�, MT-ret�/�/IL-6�/� and MT-ret�/�/
IL-6�/� mice was confirmed by this analysis.

Decreased Melanoma Incidence in MT-Ret�/�/
IL-6�/� Mice

All animals that had developed melanosis also devel-
oped visible skin tumors during the observation period of
65 weeks, regardless of their IL-6 gene status. On the
other hand, the nonmelanotic animals never showed any
tumors. Thus, melanomas were significantly less frequent
in MT-ret�/�/IL-6�/� mice compared to MT-ret�/� mice
(P � 0.02; Figure 2a). The average age of development
of a visible or palpable tumor was not different in the three
groups.

In several lines of mice transgenic for oncogenes, the
growth and development of tumors is dependent on con-
tinuous transgene expression.44 Thus, a direct effect of
the lack of IL-6 on MT-ret transgene expression had to be
excluded as a possible cause of the decreased inci-
dence of melanosis and melanomas in the IL-6�/� mice.
Therefore, we determined c-Ret protein levels in skin
biopsies of mice of all experimental groups by immuno-
blotting. Ret protein levels were not reduced in the skin of
MT-ret�/� mice lacking IL-6 (n � 3) compared to mice
expressing one (n � 3) or both (n � 3) alleles of the IL-6
gene (Figure 3a), indicating that transgene expression is
not decreased in mice lacking IL-6. In line with this ob-
servation, MT-ret-melanomas derived from IL-6�/� and
IL-6�/� mice showed similar Ret protein expression lev-
els (Figure 3, a and b), and Mel25 cell stimulation with
hIL-6 did not cause increased Ret expression (Figure 3c).

Smaller Primary Melanomas in MT-Ret�/�/IL-
6�/� and MT-Ret�/�/IL-6�/� Mice Compared
to MT-Ret�/� Animals

In all three groups, most primary tumors were found in the
faces and the necks of the animals; another frequent
primary location was the hip and upper hind limb area.
Interestingly, when measuring the sizes of the nodules,
we found that tumors were significantly smaller in the
MT-ret�/� animals lacking one (P � 0.05) or both (P �
0.01) functional copies of the IL-6 gene (Figure 2b) com-

Figure 1. a: Skin and subcutis of an adult MT-ret�/�/IL-6�/� mouse with several nests of pigmented preneoplastic cells (arrows). Paraffin section, H&E. b:
Nodules of preneoplastic pigmented cells (arrows) in the subcutis of an adult MT-ret�/� mouse. Paraffin section, H&E. c: The preneoplastic cells are
S100-immunoreactive (arrow). Paraffin section, hematoxylin counterstain. d: Slightly pigmented (arrow) skin melanoma in an adult MT-ret�/� mouse consisting
of relatively isomorphic round cells. Still, this tumor proliferated rapidly and metastasized to several distant sites. Paraffin section, H&E. e: Skin melanoma in an
adult MT-ret�/� mouse composed of highly polymorphic pigmented cells. Paraffin section, H&E. f: MT-ret�/� melanomas (filled arrows) are S100-
immunoreactive (red). An adjacent subcutaneous nerve fascicle containing S100-immunoreactive Schwann cells is marked by an open arrow. Paraffin section,
hematoxylin counterstain. g: S100-immunoreactive (red) cerebral melanoma metastasis (filled arrows) in an adult MT-ret�/� mouse. Adjacent reactive astrocytes
are also S100-immunoreactive (open arrows). Paraffin section, hematoxylin counterstain. h: S100 immunofluorescence of Mel25 cells in culture. i: Prominent
B. simplicifolia labeling of lymphocytes (filled arrows) in a lymph node of a MT-ret�/� mouse. Melanophages (open arrow) are also labeled. Paraffin section,
hematoxylin counterstain. H&E. j: Few cells in the vicinity of a necrosis in a of a MT-ret�/� mouse melanoma are B. simplicifolia-positive (arrows). These cells
can be classified morphologically as monocytes/macrophages because of their irregular shape and cytoplasmic extensions. Paraffin section, hematoxylin
counterstain. H&E. Scale bars: 400 �m (a); 100 �m (b, c, i, j); 80 �m (d, e); 130 �m (f); 150 �m (g); 6 �m (h).

Figure 2. a: Kaplan-Meier curves depicting melanoma incidence in MT-
ret�/� mice expressing IL-6 (MT-ret�/�), in MT-ret�/� mice heterozygous
for IL-6 (MT-ret�/�/IL-6�/�), and in MT-ret�/� mice lacking the IL-6 gene
(MT-ret�/�/IL-6�/�). b: Box plot summarizing the results of the tumor size
measurements. Tumor sizes are significantly smaller in the IL-6�/� and
IL-6�/� groups compared to the IL-6�/� group of MT-ret�/� mice (P � 0.05
and P � 0.01, respectively).
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pared to MT-ret�/� mice harboring two functional copies
of the gene.

In all animals, these tumors infiltrated adjacent soft
tissue and skeletal muscle and metastasized in transit
and along lymphatic pathways as well as to distant sites
such as lungs, mediastinum, heart, abdomen, and brain.
The primary melanomas and metastases of all groups
had a nodular architecture and consisted of round to
spindle-shaped cells that showed a variable degree of
pigmentation (Figure 1, d and e). Both the primary tumors
and the metastases were S-100-immunoreactive (Figure
1, f and g). The number of metastases and the organs
involved were similar in the MT-ret�/�, MT-ret�/�/IL-6�/�,
and MT-ret�/�/IL-6�/� mice (not shown). There was no
apparent reactive inflammation within the tumors or in
their vicinity in any group. B. simplicifolia lectin staining
revealed only very minor, if any, accumulations of lym-
phocytes and of activated monocytes/macrophages in
tumors of each group; stained cells were almost exclu-
sively found in the vicinity of the rare necroses (Figure 1,
i and j).

Necrosis and Inflammation in MT-Ret
Melanomas

The frequencies of tumor nodules containing necrotic
areas were low in each group: 21 of 913 (2.4%) in the
MT-ret�/� group, 2 of 194 (1.0%) in the MT-ret�/�/IL-6�/�

group, and 1 tumor nodule of 141 (0.7%) in the MT-ret�/

�/IL-6�/� group contained necrotic areas. Using the �2

test, we found no significant difference in the incidence of
necrosis in the three experimental groups. Using the

lectin B. simplicifolia, we analyzed the amount of lympho-
cytic infiltration within and adjacent to MT-ret melanomas.
This lectin is known to be a marker for T lymphocytes40

and strongly stained lymphocytes and, to a lesser extent,
monocytes in mice of all groups. B. simplicifolia-labeled
lymphocytes were almost completely absent from the
MT-ret melanomas of all three experimental groups, and
only very few monocytic cells located in the vicinity of the
small necroses in some tumors were stained (Figure 1, i
and j).

STAT3 in MT-Ret Mouse Skin and MT-Ret
Melanomas

Using the MTT assay, we evaluated the response of
Mel25 cells to recombinant human IL-6 at concentrations
of 10 to 100 ng/ml in serum-free medium and in medium
containing various concentrations of serum. Under these
conditions, there was no detectable increase or decrease
in proliferation and survival of this MT-ret melanoma cell
line. However, we think that these in vitro results are
difficult to apply to the situation in vivo. First, the cell line
could be shown to express both IL-6 and IL-6 receptor �
itself, suggesting that an autocrine mechanism of IL-6
stimulation might be active. Second, the highly prolifera-
tive Mel25 cell line is hard to compare to the tumor
development from benign precursor lesions that took
place in vivo. Still, our results demonstrate that, even
though lack of IL-6 leads to fewer and smaller melanomas
in MT-ret mice, IL-6 does not (any more) influence the
survival and proliferation of end-stage Mel25 MT-ret mel-
anoma cells.

STAT3 in MT-Ret Mouse Skin and MT-Ret
Melanomas

The STAT proteins reside in a latent form in the cytoplasm
and are phosphorylated after activation of Jaks by the
IL-6 receptor complex.2,7 Because STAT3 is a major,
albeit not the only IL-6 signal transducer,2,7 we examined
its expression and activation in MT-ret�/� mouse skin and
MT-ret�/� melanomas by immunoblotting and immuno-
histochemistry. In our immunohistochemical analysis of
paraffin-embedded MT-ret melanomas of all groups (MT-
ret�/�, n � 13; MT-ret�/�/IL-6�/�, n � 1; MT-ret�/�/IL-
6�/�, n � 6), we observed expression of latent STAT3 in
tumor cells as well as in cells of the adjacent skin, but
only minor labeling for activated, tyrosine-705 phosphor-
ylated STAT3 (pY-STAT3) was detected in tumor cells
(not shown). Accordingly, no alteration of the levels of
STAT3 activation was detected in the skin of MT-ret�/�

mice compared to MT-ret�/�/IL-6�/� and MT-ret�/�/IL-
6�/� animals by immunoblotting (not shown). Also in
accordance with the immunohistochemical results, the
signals for latent STAT3 were prominent in immunoblots
of MT-ret�/� melanomas of all groups, whereas tyrosine-
705-phosphorylated, activated STAT3 was found only in
minor amounts, if any (Figure 4a).

Figure 3. a: Analysis of ret expression in the skin of adult MT-ret�/� mice by
two independent immunoblots. Ret protein levels are rather low in the skin
of MT-ret�/� mice, and there is no detectable decrease in ret expression in
mice lacking one (IL-6�/�) or both (IL-6�/�) copies of the IL-6 gene.
Melanomas of an MT-ret�/� and an MT-ret�/�/IL-6�/� mouse express larger
amounts of ret protein, as does the Mel25 cell line. As expected, the B16-F0
cell line does not show any ret expression. b: Immunoblot analysis of
MT-ret�/� melanomas. Tumors derived from IL-6�/� and IL-6�/� mice show
similar ret protein expression. Wt: skin from wild-type BL/6 mouse. c: No
increase in ret protein expression in immunoblots of Mel25 cells after stim-
ulation with H-IL-6 for 15 minutes to 72 hours.
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PI3K and MAPK Activation in MT-Ret
Melanomas

Because the STAT3 pathway was not activated in MT-ret
melanomas and Mel25 cells, we investigated whether the
remaining two well-characterized signaling pathways ac-
tivated by IL-6, the PI3K/Akt and MAPK pathways, are
involved. By immunoblotting, we found high levels of
pMAPK in Mel25 cells. However, even though MAPK was
found to be constitutively activated in all tumors investi-
gated (Figure 5a), confirming earlier results,36 these lev-

els were rather low in all groups regardless of the IL-6
genotype. In contrast, the PI3K/Akt pathway was consti-
tutively activated in MT-ret melanomas regardless of their
IL-6 genotype. The MT-ret melanoma cell line Mel25 was
also found to constitutively express activated, phosphor-
ylated Akt (Figure 5). Adding IL-6 to these cells, which
express both IL-6 and IL-6 receptor themselves, did not
increase the activation neither of the MAPK nor the PI3K/
Akt pathway (Figure 5).

To further scrutinize the canonical pathways that me-
diate IL-6 effects (STAT3, PI3K, and MAPK) in MT-ret
tumors, we analyzed the effects of selective blockers of
the MAPK (PD98059) and PI3K (LY294002) pathways on
Mel25 cells. We found that the constitutive activation of
the PI3K pathway is associated with reduced STAT3
signaling in Mel25 cells (Figure 6c), confirming and ex-
tending earlier findings by others in two human mela-
noma cell lines.45 We also found that inhibition of PI3K
activation decreased pMAPK levels in Mel25 cells (Figure
6c). Such cross-talk between the MAPK and PI3K signal-
ing pathways has already been described.46 Interest-
ingly, the PI3K inhibitor LY294002 markedly increased
the amount of STAT3 activation achieved by stimulating
cells with IL-6 (Figure 6c), suggesting that activation of

Figure 4. a: Immunoblot analysis demonstrating that STAT3 protein expres-
sion in melanomas is not altered in tumors derived from MT-ret�/�/IL-6�/�

and MT-ret�/�/IL-6�/� compared to MT-ret�/�/IL-6�/� mice and does not
differ from STAT3 protein expression in wild-type mouse skin. Activation
levels of STAT3 measured by tyrosine-705-phosphorylated STAT3 immuno-
blotting are actually low to undetectable in MT-ret melanomas of all groups.
The pY-STAT3 band detected in lane 5 might have been caused by a
contamination of the tumor tissue by adjacent nonneoplastic skin tissue.
B16-F0 melanoma cells stimulated for 1 hour with H-IL-6 (100 ng/ml) as well
as wild-type mouse skin served as positive controls. b, c: Immunoblot
analysis of STAT3 and pY-STAT3 in Mel25 cells. Unstimulated Mel25 cells
also showed considerable constitutive expression of STAT3, but only minor
to nondetectable expression of tyrosine-705-phosphorylated STAT3. Stimu-
lation with H-IL-6 (100 ng/ml), however, leads to rapid activation of STAT3
demonstrated by the increase in tyrosine-705-phosphorylated STAT3 within
15 minutes. d: Reverse transcriptase-polymerase chain reaction demonstrat-
ing that Mel25 cells express IL-6 and IL-6 receptor �.

Figure 5. a, b: Immunoblot analysis showing constitutive activation of the
Akt and MAPK pathways in tumors of MT-ret�/�, MT-ret�/�/IL-6�/�, and in
MT-ret�/�/IL-6�/� mice. MAPK activation is detectable, but rather low in
tumors from all lines; prominent activation of pAkt is found independent of
IL-6 expression. c: Stimulation of Mel25 cells with IL-6 (100 ng/ml) for 10
minutes to 1 hour does not alter MAPK and Akt levels.
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the PI3K/Akt pathway in Mel25 cells leads to an inhibition
of STAT3 activation. Another interesting point was that
addition of LY294002 at concentrations of 10 and 100
�mol/L markedly decreased the survival of Mel25 cells
under full serum conditions (Figure 6d). In the context of
our finding that both Mel25 cells and MT-ret melanomas
show high levels of constitutively activated Akt (see
above) this result suggests that Mel25 cells and possibly
also MT-ret tumors are dependent on the constitutive
activation of the PI3K pathway.

Discussion

Using the MT-ret mouse model for studying in vivo mela-
noma development, we have demonstrated that lack of
IL-6 leads to a significant decrease in the incidence of
tumors in MT-ret�/�/IL-6�/� mice because of a reduced
occurrence of the preneoplastic precursor lesions. In
addition, in those MT-ret�/�/IL-6�/� and MT-ret�/�/IL-

6�/� mice that developed melanomas, the skin tumors
were significantly smaller compared to MT-ret�/� mice
harboring two intact copies of the IL-6 gene. Previous in
vitro studies have demonstrated that IL-6 can function as
a growth inhibitory factor for early stage13–16 and as a
growth-promoting agent for later stage melanoma
cells.16,19,20 Our results show that, at least for the MT-
ret�/� mouse model of spontaneously developing mela-
nomas, the tumor-promoting effect of IL-6 appears to be
decisive, because reduction of IL-6 levels in MT-ret�/�

mice leads to a decrease both in melanoma incidence
and in the size of primary melanoma nodules.

STAT3 is the major IL-6 signal transducer. Constitutive
activation of STAT3 induces neoplastic transformation,
establishing STAT3 as an oncogene.47 Thus, we ana-
lyzed STAT3 expression and activation in our experimen-
tal model. Immunoblot analysis revealed that activation of
STAT3 was unaltered in the skin of MT-ret mice lacking
IL-6. Moreover, even though ample STAT3 protein was
detected in MT-ret melanomas, there was only minor, if
any, STAT3 activation in these tumors, and the levels of
activated, tyrosine-phosphorylated STAT3 were not de-
creased in tumors of mice lacking IL-6 compared to the
MT-ret�/� animals expressing IL-6. These results sug-
gest that STAT3 is not involved in the development and
malignant progression of the MT-ret�/� skin lesions. They
are in line with previous reports that showed that acti-
vated STAT3 does not induce features of increased ma-
lignancy in certain melanoma cell lines. For example,
STAT3 activation actually led to growth inhibition of
A37517 and WM35 melanoma cells.18

Two other canonical IL-6-signaling pathways, PI3K/Akt
and MAPK,3,7,48–51 have been characterized thus far.
Among these, the PI3K/Akt pathway appeared to be
more relevant for our model, because Akt was highly
activated in both MT-ret melanomas and Mel25 cells.
Even though pMAPK was also found at high levels in
Mel25 cells, levels of activated MAPK were rather low in
MT-ret tumors. Interestingly, the PI3K/Akt pathway inhib-
itor LY294002 both increased STAT3 activation levels in
Mel25 cells in response to IL-6 and caused the death of
these cells, suggesting that this pathway, and potentially
its activation by IL-6, is important for the maintenance of
MT-ret melanomas.

IL-6 may enhance tumor growth by promoting tumor
angiogenesis.52–54 In this context, it is interesting to note
that, in the present study, there was no increase in the
amount of tumor necrosis in the MT-ret�/� mice lacking
IL-6. This observation suggests that blood supply to
these tumors was not critically impaired because of the
lack of IL-6. It was also hypothesized that IL-6 can affect
the immune system’s ability to recognize and destroy
tumor cells.55 Indeed, depending on the cellular context
and the signaling pathways, activated IL-6 can have pro-
or anti-inflammatory effects.2 In one intriguing example of
IL-6 function in an experimental melanoma model, trans-
fection of B78-H1 melanoma cells with IL-6 and IL-6R�
greatly reduced tumor formation in mice injected with
these cells.56 This effect was probably because of an
enhancement of the immune response against the tumor
cells, because IL-6 and IL-6R� transfected B78-H1 cells

Figure 6. a: The MAPK pathway inhibitor PD98059 blocks MAPK activation
in Mel25 cells, as does LY294002, which is commonly used as a PI3K
inhibitor. b: LY294002 inhibits Akt activation in Mel25 cells, whereas
PD98059 does not affect this pathway. c: LY294002 enhances IL-6-induced
STAT3 activation, but blocks Akt and MAPK activation in Mel25 cells. d:
LY294002 at concentrations of 10 and 100 �mol/L inhibits survival of Mel25
cells under full serum conditions.
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actually showed increased proliferation in vitro compared
to untransfected cells.56 In the present study, lack of the
IL-6 gene was associated with reduced incidence and
size of melanomas suggesting that this immunostimula-
tory activity did not play a role in our model of spontane-
ous melanoma development. In fact, there was no major
inflammatory infiltrate within or adjacent to tumors of any
group, indicating that the cellular immune response
against these melanomas was negligible.

Studies analyzing effects of IL-6 on invasive and met-
astatic capabilities of melanoma cell lines have yielded
conflicting results. In one such study, treatment of endo-
thelial cells with IL-6 resulted in a remarkable increase in
the invasion of B16-F10 mouse melanoma cells into vas-
cular endothelial monolayers; this effect was abolished
by the addition of anti-IL-6 antibodies.57 The same B16-
F10 melanoma cell line, cultured in the presence of IL-6,
showed a clear increase in its metastatic spread to liver
and lungs after transplantation.58 However, the tumor
formation and metastatic spread of B78 melanoma cells
in vivo was inhibited by transfection with IL-6 and sIL-
6R�.59 Similarly, metastatic growth of B16-F10.9 cells in
mice was reduced by IL-6, presumably by an indirect
immune-mediated mechanism.60 In our model, the inci-
dence and pattern of metastasis was similar whether the
MT-ret�/� mice harbored a functional IL-6 gene or not.

Compared to animal models using transplanted tumor
cell lines, the MT-ret�/� mice offered major advantages.
In contrast to models based on transplantation, influ-
ences of IL-6 during the entire period of tumor develop-
ment including the preneoplastic precursor lesions could
be monitored. In addition, injected tumor cell lines are
allo- or even xenotransplanted; possible interference by
immunological phenomena because of the rejection of
allo- or xenotransplanted cells was excluded in our
model. Finally, melanoma cells passaged in vitro undergo
an evolution that differs from tumor cells maintained in
vivo, because they are primarily selected based on their
ability to grow well in culture.

In our model, we had to consider whether IL-6 would
directly interfere with the metallothionein promoter of the
ret transgene. In fact, an up-regulation of the metallothio-
nein-I gene in brain, heart, and liver by IL-6 has been
reported previously.61,62 However, three lines of evi-
dence suggest that the impaired tumor growth in the
MT-ret�/�/IL-6�/� mice cannot be explained by a de-
crease of MT-ret transgene expression because of lack of
IL-6. First, Ret protein expression levels measured by
immunoblotting were not decreased in the skin of MT-
ret�/�/IL-6�/� compared to MT-ret�/� mice. Second, Ret
levels were also neither decreased in MT-ret�/� tumors
lacking the IL-6 gene nor increased in Mel25 cells stim-
ulated with H-IL-6, suggesting that IL-6 does not alter Ret
expression by MT-ret�/� tumor cells (Figure 3). Third,
levels of MT expression in the skin have already been
shown to be similar in IL-6�/� compared to IL-6�/� mice
both before and 48 hours after UVB irradiation, even
though the increase of IL-6 expression during the first 2
days after irradiation was delayed in IL-6�/� mice.63

Thus, it is unlikely that direct influences of endogenous
IL-6 on the MT promoter of the MT-ret transgene are

important determinants of the neoplastic phenotype in
our model.

In conclusion, our results indicate that lack of IL-6
leads to a decrease of both melanoma incidence and
size in MT-ret�/� mice, suggesting that, at least in this
experimental mouse model, IL-6 promotes development
and progression of spontaneous melanoma. Because
alterations in STAT3 signaling do not seem to be respon-
sible for these effects of IL-6 ablation, future studies will
analyze the contribution of alternative IL-6 signal trans-
duction pathways in the development and progression of
MT-ret�/� melanomas. Candidates include the Notch
pathway that has been shown to be activated by IL-6-
type cytokines64 and has recently been implicated in
melanoma development from melanocytic precursors.65

Acknowledgments

We thank K. Boschung, B. Rohrbach, M. Economou, and
A. Kappeler for technical support; M. Suter, H. Hirsiger,
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