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1. Introduction
The skin that is exposed to atmospheric air is situated at an air–liquid interface (ALI)
through its contact with gas phase. Thus, ALI is an essential microenvironment of the skin.
In fact, ALI promotes the growth and differentiation of normal keratinocytes (Sugihara et
al., 1991). In cutaneous squamous cell carcinoma cells, ALI also accelerates their invasive
growth more greatly than submerged condition without ALI (Inoue et al., 2001). ALI is thus
considered to be a critical factor for both normal and neoplastic subjects of the skin.
The critical skin neoplasm melanoma is still at present responsible for about 80% of all skin
cancer-related deaths (Miller et al., 2006). This tumor is considered to originate from epidermal
melanocytes or their precursor cells (Bennett, 1993). Thus, the epidermal microenvironments
seem crucial for the initiation and progression of melanoma cells. Furthermore, the
prognosis of melanoma with ulcer formation is worse than that of melanoma without ulcer
formation (Grande et al., 2006). Given that skin ulcer causes cutaneous cell types under the
epidermis to situate at ALI by the ulcer-induced exposure of them to atmospheric air, ALI
may be related to the growth and invasion of melanoma cells. However, it has been unclear
whether the skin microenvironment ALI directly affects the biological behavior of
melanoma cells.
On the basis of the background above, we have recently demonstrated that ALI promotes
the growth of melanoma cells, but not their apoptosis and invasion, through mitogen-activated
protein kinase (MAPK) activation (Chong et al., 2010). In this article, we introduce ALI
culture system and describe the effects of ALI on the biological behavior of melanoma cells.

2. Effects of ALI on melanoma cell behavior
Air-liquid interface (ALI) is a common microenvironment of the skin. However, the
influences of ALI on the biological behavior of melanoma cells have been poorly
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understood. To well understand the interesting issue, we first introduce ALI culture system.
Next we show that ALI promotes the growth of melanoma cells, but not their invasion and
apoptosis, through the activation of mitogen-activated protein kinase (MAPK), using the
ALI culture system of two melanoma cell lines of KHm-1 (King et al., 1978) and HMY-1
(Ojima et al., 1998). Finally, we discuss the mechanisms underlining ALI-induced overgrowth
of melanoma cells.
2.1 Air-liquid interface (ALI) culture system
By application of a double dish-culture method, ALI culture system is organized, as
described previously (Toda et al., 2005). Briefly, 2 ml type I collagen gel solution (Nitta
Gelatin, Osaka, Japan) was poured into a 30-mm inner dish with a nitrocellulose bottom
(Millicell-CM, Millipore, Bedford, MA) and incubated at 37 °C for 30 min to solidify the gel.
This inner dish was placed into a 90-mm outer dish, and the complete medium was added
to both dishes. Then, 1 × 106 melanoma cells were spread onto the gel and they grew
confluent within 2 days. At 3 days in culture, the media of the inner and outer dishes were
removed, and 10 ml fresh complete medium was added to only the outer dish to create ALI.
The cells were exposed to a humidified air supplemented with 5% CO2 at 37 °C. In this way,
the cells were situated at ALI. In this system, the cells were kept moist and fed by the culture

Fig. 1. Collagen gel invasion assay system with (upper panel) or without ALI (lower panel).
Upper panel, Melanoma cells are seeded on the acellular gel layer in inner dish (1). The inner
dish (1) is put in outer dish (2) with culture medium. In this way, the cells on the gel layer
are localized under air exposure-induced ALI. The cells are kept in moist and fed by culture
medium that percolates by capillary action from the medium-containing outer dish. Lower
panel indicates submerged culture without ALI (control). In these systems, the invasion of
melanoma cells into collagen gel is analyzed by the method described in Materials and
Methods
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Fig. 2. Histology of two melanoma cell types of KHm-1 (A and B) and HMY-1 (C and D)
with (B and D) or without ALI (A and C). ALI promotes the stratification of KHm-1 and
HMY-1 melanoma cell types more greatly than submerged condition without ALI. In all
conditions, the infiltration of these melanoma cell types into the gel was not observed.
Brown pigments indicate melanin pigments

Fig. 3. Growth (A) and apoptosis (B) of melanoma cells with or without ALI, using
immunohistochemistry of BrdU (growth marker) and ssDNA (apoptosis marker). BrdU
(upper panel in A) and ssDNA (upper panel in B) are clearly detected in the nuclei of KHm-1
melanoma cells in black (arrowhead). The BrdU uptake of melanoma cells with ALI was
about 3 times that of the cells without ALI (p<0.001), while melanoma cells with or without
ALI showed no significant change in the apoptotic rate (p>0.05)
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medium that percolated by capillary action into cellular layer through acellular collagen gel
layer from the medium-containing outer dish. As a control, the cells on the gel were
cultured in a submerged condition without ALI. Figure 1 illustrates this culture system. In
this system, we can also determine the invasion of various cancer cell types into the gel. In
addition, cancer-stromal cell interaction such as the growth and infiltration of cancer cells
can be analyzed in the modified system, in which cancer cells are seeded on the stromal cellembbeded or –nonembedded gel (Inoue et al., 2001). Thus, this system has been called
“collagen gel invasion assay system”.
2.2 Effects of ALI on growth, apoptosis and invasion of melanoma cells (Chong et al.,
2010)
ALI accelerates the stratification of melanoma cells more prominently than submerged
condition without ALI (Fig. 2), suggesting that ALI promotes the proliferation of melanoma
cells. In fact, the bromodeoxyuridine (BrdU) uptake of ALI-treated melanoma cells is about
3 times that of ALI-nontreated cells (Fig. 3A). When melanoma cells were cultured in a
submerged condition for 2 days following treatment with ALI for 7 days, the BrdU uptake
of the cells decreased to that of ALI-nontreated cells. Thus, ALI-promoted growth of
melanoma cells is considered to be reversible, supporting our previous study that ALI
reversibly promotes fibroblast growth (Toda et al, 2000).
On the other hand, melanoma cells with or without ALI show no significant change in the
apoptotic rate that is assayed by immunohistochemistry with single stranded DNA (ssDNA)
antibody (Fig. 3B). Interestingly, melanoma cells with or without ALI do not undergo their
invasion into collagen gel (Fig. 2). Namely, ALI promotes the growth of melanoma cells, but
not their apoptosis and invasion. In addition, dermal fibroblasts accelerate the invasion of
melanoma cells cultured on the fibroblast-embedded gel (Fig. 4). The invasion of melanoma
cells into the gel is more prominently enhanced by the treatment of ALI than by the nontreatment of ALI. Thus, the combination of dermal fibroblasts with ALI seems critical for the
invasion of melanoma cells. Furthermore, adipose tissue stromal cells (ATSCs) as well as
dermal fibroblasts promote the invasion of melanoma cells in the same system with or
without ALI , supporting our previous study that ATSCs enhance the invasion of gastric
adenocarcinoma cells (Nomoto-Kojima et al., 2011). Therefore, subcutaneous ATSCs also
seem critical for the spread of melanoma cells.
During the ALI-induced overgrowth of melanoma cells, mitogen-activated protein kinase
(MAPK) pathway (Raf-1, MEK-1 and p-ERK-1/2) is activated (Fig. 5).
In addition, the MEK inhibitor PD-98059 that leads to the inactivation of ERK-1/2 (MAPK)
inhibits the stratification of melanoma cells even with ALI, although the agent induces a
spindle-shaped morphology in the cells (Fig. 6). PD-98059 also abolishes the ALI-promoted
the expression of BrdU and pERK-1/2 of melanoma cells (Fig. 6).
Thus, the ALI-affected overgrowth seems to be closely related to the MAPK activation. In
our previous study (Toda et al., 2000), ALI-treated fibroblasts proliferate more extensively
than the ALI-nontreated cells, while the treated fibroblasts express the MAPK pathway
signals more greatly than the nontreated cells. The MAPK pathway may be involved in the
mechanisms of ALI-induced cellular overgrowth. As described above, ALI does not induce
the infiltration of melanoma cells into collagen gel. In fact, ALI does not promote the
expression of the following invasion- and motility-related molecules: MMP-1, MMP-9,
laminin 5 and filamin A. Thus, ALI alone may not be involved in the mechanisms of
melanoma cell invasion. However, ALI enhances the dermal fibroblast- and ATSC-induced
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invasion of melanoma cells, as described above. This suggests that ALI in combination with
these mesenchymal stromal cell types is closely associated with the invasion of melanoma
cells. Figure 7 illustrates the effects of ALI and its combination with dermal fibroblasts and
ATSCs on the growth and invasion of melanoma cells. Finally, the PI3K-AKT, p16INK4ACDK4/6-RB and β-catenin pathways, which are suggested to be critical for melanoma cell
growth (Smalley, 2009), yet remain to be elucidated. In our laboratory, these molecule
regulations by ALI are under investigation.

Fig. 4. Culture model with or without ALI for analyzing melanoma cell-dermal fibroblast
interaction (left panels), and histology of ALI-treated melanoma cells cultured on dermal
fibroblast-embedded collagen gel at 7 days (right panel). Left upper panel, Melanoma cells
are seeded on a dermal fibroblast-embedded collagen gel layer in an inner dish with a
nitrocellulose membrane as its base. The inner dish is placed in a larger outer dish, and then
the complete medium is added to both dishes. Cells are fed by a sufficient medium from
both the inner and outer dishes because of the permeability of the nitrocellulose membrane.
In this way, melanoma cells are cultured in a submerged condition without ALI under a
cancer-stromal interaction. Left lower panel, Melanoma cells are seeded on a dermal
fibroblast-embedded collagen gel layer in the inner dish. The inner dish is placed in a larger
outer dish, and then the complete medium is added to the outer dish only. In this way,
melanoma cells are cultured in an ALT-treated condition under a cancer-stromal interaction.
Right panel, ALI-treated melanoma cells undergo stratification on the fibroblast-embedded
gel, and then they infiltrate into the gel. Arrowheads indicate the invasion of melanoma cells
into the gel
2.3 Mechanisms of ALI-related behavior of melanoma cells
ALI is suggested to exert its effects by causing cells to increase their own oxygen
availability, which is important for cellular respiration (Bebok, et al., 2001). Therefore,
oxygen itself and oxidative stress molecules may be involved in the ALI-promoted
overgrowth and MAPK activation. Furthermore, the following possible mechanisms of ALIpromoted growth of melanoma cells may be considered : (1) intracellular diffusion of
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Fig. 5. Expression of MAPK pathway (Raf-1, MEK-1 and ERK-1/2) of melanoma cells with
or without ALI. In immunohistochemistry (A-F), KHm-1 melanoma cells with ALI (B, D and
F) express Raf-1 (A and B), MEK-1 (C and D) and ERK-1/2 (E and F) more extensively than
those without ALI (A, C and D). Western blotting (G) confirmed the immunohistochemical
results. Analyses by Densitometry (H and I) show that ALI significantly enhances Raf-1,
MEK-1 and ERK-1/2 expression of KHm-1 (H) and HMY-1 (I) melanoma cells (all values,
p<0.001)
oxygen through cell membrane may take place more easily in a fluid-less microenvironment
of ALI than in a fluid-rich counterpart of submerged condition without ALI; (2) cell growthrelated molecules may be more concentrated within a fluid-less microenvironment of ALI;
and (3) ALI may specifically activate cell membrane microdomains (rafts), which regulate a
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variety of signal transduction molecules (Brown, 2002; Kim et al., 2004). To evaluate these
possibilities in more detail, further studies are needed. In particular, gas molecules and
signaling pathway regarding cell growth, invasion and locomotion should be investigated in
the context of ALI-cell membrane interaction.

Fig. 6. Effects of the MEK inhibitor PD-98059 on the morphology, BrdU uptake and MAPK
(ERK-1/2) expression of melanoma cells with ALI. ALI-treated KHm-1 melanoma cells
without PD-98059 (A) undergo cellular stratification on the gel. In contrast, the melanoma
cells with PD-98059 show no stratification and they become spindle-shaped (B). In ALI-treated
KHm-1 and HMY-1 melanoma cell types, PD-98059 significantly inhibits both BrdU uptake
(C, p<0.0001) and pERK-1/2 expression (D) of the cell types
The prognosis of melanoma with ulcer formation is worse than that of melanoma without
ulcer formation (Grande et al., 2006). Skin ulcer seems to cause the cutaneous cell types of
the dermis under the epidermis to situate at ALI by the ulcer-induced exposure of them to
atmospheric air. In general, normal and cancer cell types are supported by the interstitum
that has two major types of solid structures: (1) collagen fiber bundles and (2) proteoglycan
filaments (Guyton and Hall, 2000). The interstitial fluid, which is derived by filtration and
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diffusion from capillaries, is entrapped mainly in the minute spaces among proteoglycan
filaments. This combination of proteoglycan filaments and the fluid entrapped within them
(gel water) organizes a moist tissue gel of the interstitum, while intravascular space has rich
fluid (free water) due to both the existence of much serum and the lack of the matrix
meshwork. In the moist gel, oxygen and nutrients are also supplied from capillaries. In this
way, the ALI microenvironment seems to be created even in the interstitium of the dermis.
Thus, the melanoma cell overgrowth that is activated by the ulcer-induced ALI
microenvironment of the dermis may be involved in the mechanisms of the worse prognosis
of melanoma cells with ulcer formation.

Fig. 7. Scheme of the effects of ALI and its combination with dermal fibroblasts and adipose
tissue stromal cells (ATSCs) on the growth and invasion of melanoma cells. 1., ALI induces
the overgrowth of melanoma cells, but not their invasion, through the activation of MAPK
pathway. 2., Dermal fibroblasts as well as ATSCs induce the invasion of melanoma cells. 3.,
ALI in combination with dermal fibroblasts as well as ATSCs enhances the growth and
invasion of melanoma cells

3. Conclusion
Here we have shown that the skin microenvironment ALI promotes the proliferation of
melanoma cells, but not their apoptosis and invasion, through MAPK activation. Given that
advanced melanoma is not responsive to chemotherapy, immunologic therapy and
radiotherapy, ALI may be taken into account for the biology and therapeutic strategy of
melanoma. The device that abolishes ALI microenvironment within melanoma tissue may
be a promising tool for the treatment of advanced melanoma in combination with the
conventional and molecular-targeted therapies. For example, water-rich nano-particles that
lead to the abolishment of ALI within the tumor tissue may be created.
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