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Melanoma is the most aggressive form of skin cancer and until recently, it was extremely resistant to radio-,
immuno-, and chemotherapy. Despite the latest success of BRAF V600E-targeted therapies, responses are typically
short lived and relapse is all but certain. Furthermore, a percentage (40%) of melanoma cells is BRAF wild type.
Emerging evidence suggests a role for normal host cells in the occurrence of drug resistance. In the current study,
we compared a variety of cell culture models with an organotypic incomplete skin culture model (the ‘‘dermal
equivalent’’) to investigate the role of the tissue microenvironment in the response of melanoma cells to the
chemotherapeutic agent doxorubicin (Dox). In the dermal equivalent model, consisting of fibroblasts embedded in
type I collagen matrix, melanoma cells showed a decreased cytotoxic response when compared with less complex
culture conditions, such as seeding on plastic cell culture plate (as monolayers cultures) or on collagen gel. We
further investigated the role of the microenvironment in p53 induction and caspase 3 and 9 cleavage. Melanoma
cell lines cultured on dermal equivalent showed decreased expression of p53 after Dox treatment, and this outcome
was accompanied by induction of interleukin IL-6, IL-8, and matrix metalloproteinases 2 and 9. Here, we show
that the growth of melanoma cells in the dermal equivalent model inflects drug responses by recapitulating
important pro-survival features of the tumor microenvironment. These studies indicate that the presence of stroma
enhances the drug resistance of melanoma in vitro, more closely mirroring the in vivo phenotype. Our data, thus,
demonstrate the utility of organotypic cell culture models in providing essential context-dependent information
critical for the development of new therapeutic strategies for melanoma. We believe that the organotypic model
represents an improved screening platform to investigate novel anti-cancer agents, as it provides important insights
into tumor-stromal interactions, thus assisting in the elucidation of chemoresistance mechanisms.

Introduction

Although the incidence of melanoma is low relative
to the more common basal cell carcinoma and squamous

cell carcinoma, its lethality is high and it is known to account
for 80% of all skin cancer deaths.1,2 If detected early, mela-
noma is readily curable through surgery. However, once
disseminated, the potential for curative therapy is minimum.
The recent years have seen many notable breakthroughs in the
management of advanced melanoma with the anti-CTLA4
antibody ipilimumab and the BRAF kinase inhibitor vemu-
rafenib gaining FDA-approval in 2011. Despite these suc-
cesses, response rates to ipilimumab are low, and long-term
responses to BRAF inhibitors have provided elusion for the
majority of patients.3,4

Resistance to chemotherapy is a major factor in the failure
of many forms of treatments in cancer, specifically in mela-

noma. Tumors usually consist of heterogeneous populations
of malignant cells, some of which are drug-sensitive while
others are drug-resistant. Chemotherapy kills drug-sensitive
cells, leaving behind a higher proportion of drug-resistant
cells. As the tumor begins to grow again, chemotherapy now
fails because the remaining tumor cells are resistant. Both
intrinsic and acquired resistance results from the numerous
genetic and epigenetic changes occurring in cancer cells.5

Furthermore, metastatic melanoma cells are highly plastic
and can accommodate new and reorganized microenviron-
ments, consisting of a rich milieu of stromal cells and extra-
cellular molecules. Therefore, the tumor is not only composed
of cancer cells, but it also contains different types of stromal
cells, which may play important roles in tumor initiation,
progression, metastasis, and resistance to treatments.6 Thus, it
is possible that the microenvironment contributes to chemo-
resistance and decreased drug uptake in tumors, thus
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regulating tumor sensitivity to a variety of chemotherapies. In
fact, carcinoma-associated fibroblasts contribute directly to
carcinogenesis7 through their secretion of multiple growth
factors and cytokines.8 In turn, the tumor cells alter the ex-
tracellular matrix (ECM) by modulating the stromal metab-
olism and releasing growth factors, cytokines, and proteases
such as matrix metalloproteinases (MMPs). This cross-talk
between host and tumor leads to the formation of a permissive
stroma that faciliates tumor progression as well as chemore-
sistance.9,10 To date, a few studies have accounted for the role
of the tumor microenvironment in determining therapeutic
outcome, and, therefore, experiments performed are often not
predictive of drug responses in patients.11,12

Here, we have employed a variety of cell culture models,
including plating melanoma cells on (i) plastic (monolayer
culture); (ii) type I collagen; and (iii) in an organotypic skin
culture model (the ‘‘dermal equivalent,’’ containing collagen
and fibroblasts), to investigate the role of the tissue micro-
environment in the response to chemotherapeutic agents (e.g.,
doxorubicin [Dox]). Our data demonstrate that the effect of
cytotoxic agents on melanoma cells is not equivalent under
differing culture conditions. The dermal equivalent modulates
melanoma cell growth and affects drug responses by reca-
pitulating important pro-survival features of the tumor mi-
croenvironment, thus preventing efficient induction of cell
death. We believe this organotypic model may provide im-
portant new insights to further elucidate mechanisms of
melanoma chemoresistance.

Materials and Methods

Cell culture

The melanoma cell lines used were SK-Mel-19 (BRAF
mutant V600E), -103, and -147 (both BRAF wild-type), and,
also, primary cultures of normal human dermal fibroblasts
(NHDF, used until the 15th passage). Cells were grown at
37�C in Dulbecco’s Modified Eagle’s Medium (GIBCO,
#12100-060; Life Technologies, Grand Island, NY), con-
taining 4 mM of L-glutamine and supplemented with 10%
fetal bovine serum (FBS; Life Technologies, South Amer-
ica), 25mg/mL ampicillin, and 100mg/mL streptomycin.

Generation of dermal equivalents with melanoma cells
(adapted from Brohem et al.13)

The dermal equivalent was generated by resuspension of
NHDF in a collagen mixture consisting of 750mL/mL of
2.5 mg/mL of type I collagen (BD Biosciences, San Jose,
CA), 50mL/mL of FBS (Life Technologies), 100mL/mL of
Reconstitution Buffer 10·(0.05 M NaOH, 2.2% NaHCO3,
and 200 mM HEPES), and 100mL/mL of HAM-F12 medium
10·(GIBCO, Life Technologies). For melanoma cells culture
in the dermal equivalent, 1.5 · 105/well fibroblasts were
firstly resuspended in the collagen mixture and transferred to
24-well plates (1 mL/well). After solidification at 37�C in a
5% CO2 atmosphere, culture medium was added (1 mL/well)
containing metastatic human melanoma cells SK-Mel-103
(105 cells/well), with subsequent incubation in 5% CO2 at
37�C. For experiments utilizing dermal equivalents, or col-
lagen gel coating, cells were seeded 5 to 15 days before Dox
treatment with culture medium replaced every 2 days.

For additional analysis, including cell viability, DNA frag-
mentation, protein imunoblotting, or enzyme-linked immuno

sorbent assay (ELISA) studies, fibroblasts (106 cell/600mL/
60 mm cell culture plate) were resuspended in type I colla-
gen mixture as described earlier, with subsequent plating of
5.5 · 105 melanoma cells/3 mL/60 mm cell culture plate and
cultured for 1 day before treatment.

For histological analysis of dermal equivalents, samples
were washed once with phosphate buffered saline (PBS),
fixed with formalin 10% overnight at 4�C, and then stored in
70% ethanol at 4�C, until further processing and embedding
in paraffin. Histological sections (5 mm thick) were stained
with hematoxylin and eosin (H&E) and analyzed by light
microscopy.

Dox treatment

To evaluate inhibition of melanoma cells grown on dif-
ferent substrates, 0 to 2.8 mM of Dox (Doxorubicin, Adria-
mycin; Thermo Fisher Scientific, Waltham, MA) were used,
as previously determined.14–17 Additional tests were per-
formed with Dox IC50 (doxorubicin concentration that in-
hibits 50% of the cells) for melanoma cell lines cultured on
dermal equivalents, which correspond to 1.2 mM. For his-
tological studies, SK-Mel-103 melanoma cells were cultured
as described earlier and treated with Dox for 48 h.

Experimental conditions

In order to analyze melanoma responses to Dox on different
substrates, the following conditions were used: (i) melanoma
cells cultured on plastic in monolayer (M): cells were seeded
on plastic cell culture plates; (ii) melanoma cells cultured on
collagen type I (M + Col): cells were seeded on type I collagen
gel after a 1 h solidification period; (iii) melanoma cells cul-
tured on a dermal equivalent (M + Eq): cells were seeded on a
dermal equivalent consisting of fibroblasts embedded in type I
collagen matrix after a 1 h solidification period; and (iv) der-
mal equivalent (Eq): human fibroblasts without melanoma
cells were embedded in type I collagen matrix as described
earlier and used as a microenvironment control.

Digestion of the collagen matrix and cell collection

In order to collect cells grown on type I collagen or dermal
equivalents, collagen digestion was performed using colla-
genase type I (Sigma-Aldrich, Saint Louis, MO) at a final
concentration of 1 mg/mL. After the addition of collagenase,
cultures were placed at 37�C for 20–30 min, followed by cell
collection.

Cell viability by Trypan Blue exclusion assay

Cell viability was assessed by standard Trypan Blue
dye-exclusion assay using 0.4% Trypan Blue in PBS.18 For
experiments involving melanoma cells cultured on dermal
equivalents, cell counting was performed without separation
or discrimination between cell types. The assay was performed
in biological triplicates from three different experiments.

DNA fragmentation by fluorescence-activated cell sorter

To differentiate between fibroblasts and melanoma cells
present in the dermal equivalent, we used a fluorescence-
activated cell sorter (FACS)-dependent DNA fragmentation
assay. This assay was performed using SK-Mel-103 cells
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labeled with green fluorescent protein (GFP) by infection
with lentiviral vector pLV-GFP-LC3II, and also NHDF cells
with no vector. After Dox treatment, cells were collected,
washed twice with PBS, and incubated for 30 min in the
dark with a solution of 100mg/mL propidium iodide (PI) in
PBS. Samples were analyzed immediately by flow cytom-
etry. DNA fragmentation was assessed by the incorporation
of PI. The channels selected were PerCP (emission 675 nm)
for PI staining and FITC (emission 533 nm) for GFP-labeled
cells. Data analysis was performed using FlowJoTM soft-
ware (version 10.0.6; Tree Star, Ashland, OR). The assay
was performed in biological duplicates from three different
experiments.

Protein immunoblotting

At the end of treatment, cultures were collected by centri-
fugation after trypsinization and treatment with collagenase I
(1 mg/mL). Laemmili lysis buffer (62.5 mM Tris-base pH
6.8, 2% SDS, 10% glycerol, and 5% 2-mercaptoethanol),
70–100 mL was added to the pellet. Protein was quantified
by standard Bradford method using Bio-Rad Protein Assay
dye reagent, separated on 4–20% gradient SDS-polyacrylamide
gels, and transferred to Immobilon-P membranes. The an-
tibodies used included anti-human p53 (Vector Laboratories,
Burlingame, CA), anti-human caspase 3 (Cell Signaling,
Danvers, MA), anti-human caspase-9 (Cell Signaling), and
anti-human b-actin (Cell Signaling). The assay was performed
in experimental triplicate.

Gelatin zymography

Gelatin-substrate gel electrophoresis was used to measure
metalloproteinase activity as described by da Silva Cardeal
et al.,19 with minor modifications. Cells were cultured as
described earlier in ‘‘Generation of dermal equivalents with
melanoma cells.’’ At the end of the treatment, conditioned
culture medium was collected and centrifuged twice at
3000 rpm for 5 min at 4�C. Protein concentration was deter-
mined by the Folin method.20 Supernatant protein (25mg)
from each sample was separated by electrophoresis on a 10%
acrylamide gel containing 0.5 mg/mL gelatin at 100 V. The
gel was washed twice with 2.5% Triton X-100 for 15 min at
37�C, and once with reaction buffer (0.05 M Tris–HCl (pH 8),
5 mM CaCl2, 5 mM ZnCl2). The gel was then incubated
overnight in the same reaction buffer at 37�C. Gels were
stained with Coomassie solution (0.5% Coomassie Brilliant
Blue R-250 in 10% methanol and 10% acetic acid) for 30 min
and destained in 10% methanol + 10% acetic acid solution.
Clear zones of gelatin lysis (bands) against a blue background
indicated the presence of active MMPs. Each lysed band
within a given sample lane was analyzed by scanning den-
sitometry (450 d.p.i. in GS-700; Bio-Rad, Hercules, CA).
MMP-2 and MMP-9 bands were measured using ImageJ 1.47
software (U.S. National Institutes of Health, Bethesda, MD).
The assay was performed in biological triplicates from three
different experiments.

Gelatinase activity

SK-Mel-103 melanoma cells were cultured on dermal
equivalents as described earlier, and the conditioned culture
medium was collected after Dox treatment and incubated

with DQ� gelatin (gelatin conjugated to FITC; Invitrogen,
Life Technologies) for 6 h at room temperature in the dark,
according to the manufacturer’s guidelines. The fluores-
cence was measured at 495 nm (excitation) and 515 nm
(emission). The assay was performed in biological tripli-
cates from three different experiments.

MMP-2 activity

For MMP-2 activity quantification, melanoma cells were
cultured as described earlier. Conditioned culture medium was
collected after Dox treatment and centrifuged at 3000 rpm for
5 min at 4�C. Protein concentration was determined by the
Folin method20 and the supernatant used to perform the MMP-
2 activity assay using a standard colorimetric kit, Biotrak
MMP-2 Activity (Amersham, GE Healthcare Biosciences,
Pittsburgh, PA), which provides a colorimetric quantitative
determination of pro- and active- enzyme after incubation with
a fluorescent substrate. The kit was used according to the
manufacturer’s instructions. The assay was performed in bio-
logical triplicates from three different experiments.

Interleukin quantification by ELISA

Measurements of interleukin (IL)-6 and IL-8 secretion
were performed for the different experimental conditions, as
described earlier. The conditioned culture medium from mela-
noma or fibroblasts cell cultures was collected after Dox
treatment, centrifuged at 3000 rpm for 5 min at 4�C, and
further used to perform the ELISA assay (DuoSet; RandD
System, Minneapolis, MN), according to supplier instruc-
tions and to Lequin.21 Culture medium was replaced by
conditioned medium 1 day after plating followed by treat-
ment with Dox. The last conditioned medium was collected
at the end of the treatment, and it was used to perform the
ELISA assay, as described earlier. The assay was performed
in biological quintuplicates from three different experi-
ments.

H&E staining and immunohistochemistry

SK-Mel-103 melanoma cells were cultured as described in
‘‘Generation of dermal equivalents with melanoma cells’’
item. Five to 15 days after plating, melanoma cells were
treated with Dox for 48 h. The collagen or dermal equivalent
were washed once with PBS, fixed with formaldehyde 3.7% in
PBS at room temperature for 1 h, kept in ethanol 70% at 4�C,
and further included in paraffin. For histological analysis,
tissue sample slides were stained with H&E. For immuno-
histochemical analysis of Vimentin, slides were stained using a
Ventana Discovery XT automated system (Ventana Medical
Systems, Tucson, AZ) according to the manufacturer’s pro-
tocol. Briefly, slides were deparaffinized on the automated
system with EZ Prep solution (Ventana). Heat-induced antigen
retrieval method was used in Cell Conditioning 1(Ventana).
The mouse monoclonal antibody that reacts to Vimentin
(#760-2917; Ventana) was used at a predilute concentration
and incubated for 12 min. The Ventana OmniMap Anti-mouse
secondary Antibody was used for 16 min. The detection sys-
tem used was the Ventana ChromoMap kit, and slides were
then counterstained with Hematoxylin. Slides were then de-
hydrated and coverslipped as per normal laboratory protocol.
The assay was performed in experimental duplicate.
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Statistical analysis

Results were expressed as mean – standard deviation and
statistically analyzed using the software GraphPad Instat�
(GraphPad Software, La Jolla, CA), two-way analysis of
variance ( p-value < 0.05).

Results

Inhibition of cell viability by Dox

Three melanoma cell lines (SK-Mel-19, -103, and -147)
were treated with Dox and analyzed by cytotoxicity assays.
The cells were cultivated on different substrates (Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/tea) as follows: monolayer (M); mela-
noma on type I collagen gel (M + Col); and melanoma on a
dermal equivalent (M + Eq), composed of fibroblasts in type I
collagen gel. A dermal equivalent with no melanoma cells
(Eq) served as a control. As shown in Figure 1A and B,
melanoma cells cultured on the dermal equivalent (M + Eq)
showed reduced cytotoxicity when treated with Dox IC50

in comparison with the other culture substrates. For SK-
Mel-103, cell viability was 50% in M + Eq culture condition,
while cells growing on monolayer (M) and collagen coating
(M + Col) exhibited 10 and 17% viable cells, respectively.
Figure 1A shows the microphotographs for the representative
phenotype. It should be noted that the only difference between
NHDF in the monolayer and in the dermal equivalent was the
use of collagenase I to collect those cells from the dermal
equivalent (Fig. 1B). Interestingly, the IC50 is higher in the
dermal equivalent (Eq) when compared with melanoma cells
growing in monolayers or on type I collagen coating in all

investigated cell lines (Fig. 1C). Since M + Eq is a co-culture,
cell viability for that condition is very similar to that of Eq.

Inhibition of cell death pathways in melanoma cells

Given that it is not possible to distinguish the relative
contribution of melanoma cells and fibroblasts in this dermal
equivalent model, it is plausible that the drug-induced de-
creased cytotoxicity seen in this condition could be a specific
response from fibroblasts in the dermal equivalent. To ad-
dress this concern, we performed a co-culture experiment in
which melanoma cells were labeled with GFP and co-cul-
tured with unlabeled fibroblasts. After Dox treatment, DNA
fragmentation was assessed by the incorporation of PI, and
analyzed by flow cytometry (Fig. 2A). In this assay, cells in
late apoptosis or necrosis enable cell membrane permeation
and labeling with PI, while viable cells have intact cell
membranes and cannot incorporate the fluorophore.22 Thus,
GFP-positive cells represent viable melanoma cells; unla-
beled cells represent the population of viable fibroblasts;
double-labeled cells represent nonviable GFP-melanoma
cells; and PI-positive cells represent either nonviable GFP-
melanoma cells that lost GFP labeling or nonviable fibro-
blasts. Our data indicate that SK-Mel-103 melanoma cells
grown on dermal equivalents exhibit a decrease in both GFP
fluorescence and PI staining (Fig. 2A, B) as shown by FITC
and PerCP channels, indicating a lower percentage of nonvi-
able melanoma cells on the dermal equivalent substrate com-
pared with melanoma cells on plastic or on collagen coating.

Therefore, melanoma cells on the dermal equivalent
maintain a lower number of dead cells, compared with the
other culture conditions as shown by quantitative analysis in

FIG. 1. Dox-mediated inhibition of cell viability in melanoma cells grown on different substrates. (A) Cell morphology of
SK-Mel-103 cells grown on dermal equivalents after treatment with Dox IC50 (1.2 mM) for 48 h. The panel represents all the
culture conditions assessed. Magnification: 100 · . (B) Cell viability of human metastatic melanoma cells lines SK-Mel-19,
SK-Mel-103, and SK-Mel-147 treated with 1.2 mM of Dox (IC50 to melanoma on dermal equivalent) or not treated (NT). (C)
IC50 of Dox under all the evaluated conditions. Treatment conditions were melanoma cells seeded as a monolayer on plastic
(M); on type I collagen (M + Col); on dermal equivalents (M + Eq); and the dermal equivalent control with no melanoma
cells (Eq). **p < 0.01 and ***p < 0.001. NHDF, normal human dermal fibroblasts; Dox, doxorubicin; NT, not treated.
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Figure 2B. Considering that fibroblasts are known to be Dox
resistant, it is most likely that the poor fibroblast survival
found on the dermal equivalent is due to the use of colla-
genase, which may be cytotoxic for these cells.23–25

We further investigated the role of the microenvironment
in p53 induction and caspase 3 and 9 cleavage. Figure 2C
indicates that melanoma cell lines cultured on dermal
equivalent showed decreased expression of p53 after Dox
treatment. Furthermore, the occurrence of cleaved caspase 3
and 9 as seen in monolayer or collagen-coated culture
conditions was completely abolished when melanoma cells
were grown on the dermal equivalent, suggesting that the
apoptotic pathway is compromised when melanoma cells
are grown in a tumor microenvironment.

Induction of MMPs after Dox treatment

To assess the modulation of metalloproteinases by treat-
ment with Dox under the different culture conditions, a zy-
mogram was generated to evaluate the level of gelatinases
activity by gelatin digestion (Fig. 3A). Culture on a collagen

substrate coating stimulated the activity of MMP-2 in SK-Mel-
19, -103, and -147 compared with culture on plastic. Little
variation in the levels of active MMP-9 was observed after
Dox treatment under the different culture conditions. In order
to evaluate this with greater confidence, we utilized a specific
fluorescent substrate for gelatinases showing that dermal
equivalent with or without melanoma exhibited the higher
levels of fluorescence, which represents increased gelatin di-
gestion by MMPs 2 and 9 (Fig. 3B). In the Biotrak assay, we
verified the same high levels of MMP-2 activity (Fig. 3C).

Interleukin production is favored by fibroblast presence
on tumoral microenvironment

In melanoma, increased expression of IL-6 has been cor-
related with poor prognosis26; for this reason, we assessed
whether Dox treatment induced cytokine production in the
dermal equivalent model. As shown in Figure 4A–B, a
higher induction of IL-6 and IL-8 secretion was observed
when Dox-treated melanoma cells were cultured on dermal
equivalents compared with other culture conditions. These

FIG. 2. Inhibition of cell death by Dox in melanoma cells grown on dermal equivalent. (A) Characterization of selective cell
death of GFP-SK-Mel-103 metastatic melanoma cells cultured in different conditions. Data are expressed as a percentage of
fluorescent cells in 10,000 events—live melanoma cells labeled with GFP, dead melanoma cells double labeled with propidium
iodide (PI) and GFP (PI/GFP), live fibroblast cells unlabeled, and dead fibroblast cells labeled with PI. (B) Cell death data,
plotted from (A). (C) Profile of p53 and caspases 3 and 9 in melanoma cell lines SK-Mel-19, SK-Mel-103, and SK-Mel-147, as
modulated by treatment with Dox. Melanoma cells were treated with 1.2mM of Dox (IC50) or NT. Experimental conditions for
melanoma growth are previously described. *p < 0.05, **p < 0.01, and ***p < 0.001. GFP, green fluorescent protein.
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results provide some insight on the importance of the co-
culture of melanoma cells and fibroblasts. In order to assess
which cell type was responsible for IL-6 and IL-8 produc-
tion, we separately stimulated SK-Mel-103 melanoma cells
and dermal equivalents to conditioned media as shown in
Figure 4C and D. The dermal equivalent stimulated with
conditioned medium from melanoma cells was able to se-
crete higher levels of IL-6 and IL-8, even after drug treat-
ment, demonstrating the critical role of fibroblasts in the
production of immunomodulatory cytokines.

Melanoma cells grown on dermal equivalents sustain
growth on Dox treatment

In order to investigate SK-Mel-103 proliferation and
growth in the biomimetic environment of the dermal equiv-
alent, tissue samples were submitted to histological evalua-
tion (Fig. 5). H&E staining indicates melanoma proliferation
is progressive in the nontreated collagen gel; however, Dox
treatment completely inhibits this process (Fig. 5, first three
panels from left). Dermal equivalents depict melanoma pro-
liferation and invasion deep into the dermal layer, which is
partially halted on treatment with Dox (Fig. 5, first three

panels from middle). In this culture condition, while there is a
notable decrease in the proliferation of melanoma cells, there
is a persistent presence of rounded nucleated cells in the
dermal layer, which are morphologically characteristic of
melanoma cells and have little resemblance with the spindle-
like cells present in the dermal equivalent with no melanoma
(right panels). Nevertheless, we have tried to discriminate cell
types using a specific antibody for melanoma detection such
as S-100 and HMB45; however, the cell line SK-Mel 103 is
well known as an amelanotic cell line and for this reason,
melanin was undetectable (data not showed). These findings
suggest sustained invasion of melanoma cells in the dermal
equivalent, even after 15 days of Dox treatment. Furthermore,
Dox treatment does not seem to interfere with fibroblasts
proliferation.

On evaluating the Vimentin expression in the organotypic
models used in this study (Fig. 5), we observed that both
melanoma cell lines and fibroblasts express that protein,
even though Vimentin is a filament protein which is spe-
cifically expressed by mesenchymal cells (Fig. 5, bottom
panels). In fact, it has been reported that Vimentin may be
overexpressed in several epithelial metastatic cancer cells,
including melanoma.27

FIG. 3. Metalloprotease activity is inhibited by Dox-treated melanoma cells grown on different substrates. (A) Zymo-
graphy assay of human melanoma cell lines SK-Mel-19, SK-Mel-103, and SK-Mel-147 treated with 1.2 mM of Dox (IC50)
or NT. (B) Gelatinolytic activity of MMP-2 and -9 in human melanoma cell line SK-Mel-103 (C) Inhibition of MMP-2
activity of by Biotrak� assay in human melanoma cell line SK-Mel-103, whose culture medium was incubated with a
fluorescent substrate. Treatment conditions were melanoma cells seeded on plastic, in monolayer (M); on type I collagen
(M + Col); on dermal equivalent (M + Eq); and the dermal equivalent control with no melanoma cells (Eq). ***p < 0.001.
MMP, matrix metalloproteinase.
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Discussion

The use of organotypic cultures, such as artificial human
skin, enables reproducing cell interactions with the ECM and
with other cell types with greater fidelity.28 For this reason,
studies exploring the effects of drugs on tumor cells cultured
in a biomimetic environment in vitro can better assist in
unraveling the therapeutic action on tumor cells in a situation
more closely resembling what occurs in vivo. In addition,
monolayer cell cultures do not accurately reflect the changes
that occur in the early stages of tumor progression. In the
current study, we evaluated the role of the microenvironment
in the drug responses of human metastatic melanoma cell
lines grown on plastic as well as in type I collagen or dermal
equivalent culture conditions. We demonstrated that human
metastatic melanoma cell lines cultured in a dermal equiva-
lent containing type I collagen and dermal fibroblasts more
closely mimic the dermal microenvironment.

As noted in the viability assay, NHDF cultured in mono-
layer present higher cell survival when compared with fi-

broblasts in three-dimensional structure (dermal equivalent).
This finding can be explained by the cytotoxic effect of
collagenase that was used to collect the fibroblasts from its
substrate, which may have caused some cells to be discarded
along with the collagen matrix, thus negatively interfering
with the calculation of cell viability. Furthermore, it is well
known that fibroblasts cultured in three-dimensional colla-
gen gels have lower proliferation rates than in monolayer
cultures.29,30

The present study shows that Dox cytotoxicity was higher
in monolayers, reaching 75% of cell death, compared with
culture on collagen where 67% cell death was observed.
When the same cell lines were grown under biomimetic
environmental conditions, we observed significantly lower
(17%) cell death rate among the combined cell populations
(melanoma cells and fibroblasts). Cell viability assays on all
three melanoma cell lines showed that Dox had a higher
IC50 for cells grown on the dermal equivalent, suggesting
the need for a higher concentration of drug treatment in this
condition. Furthermore, our data indicate that the dermal

FIG. 4. Pro-tumoral interleukins activity after drug treatment, which were stimulated by dermal equivalent with mela-
noma. (A) Interleukin (IL)-6 and (B) IL-8 secretion in human melanoma cell lines SK-Mel-19, SK-Mel-103, and SK-Mel-
147 treated with 1.2 mM of Dox (IC50) at 48 h or NT. (C) Conditioned media assessed to identify cells type responsible to
IL-6 secretion. (D) Conditioned media assessed to identify cells type responsible to IL-8 secretion. Treatment conditions
were melanoma cells seeded on plastic, in monolayer (M); on type I collagen (M + Col); on dermal equivalent (M + Eq);
and the dermal equivalent control with no melanoma cells (Eq). ***p < 0.001. ND, non detectable.
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equivalent protects melanoma cells against Dox cytotoxic-
ity. The protective effect of the dermal equivalent on tumor
cell viability was further confirmed by flow cytometric as-
says, which we showed a decrease in SK-Mel-103 cell
death, from either apoptosis or necrosis. Moreover, the pro-
tection conferred to melanoma cells was shown to be de-
pendent on the presence of both fibroblasts and the ECM.
It is worth noting that under the same conditions, mini-
mal induction of cell death was observed in the fibroblast
compartment.

Although Dox is known to be able to induce apoptosis in
melanoma cells in vitro,14 we found that induction of p53
and cleavage of caspases 3 and 9 was decreased when
melanoma cells were grown on a dermal equivalent, sug-
gesting once more a strong protective role for the stroma.
Accordingly, the literature reports that cells in the micro-
environment, such as fibroblasts, can assist melanoma che-
moresistance via the secretion of growth factors, cytokines,
and MMPs which favor tumor growth and induce the pro-
duction of proteins that evade the normal mechanisms
of cell death.31–33 Alt-Holland et al.34 and Rasanen and
Vaheri33 have considered not only the matrix as the pre-
dominant factor simulating the tumor environment, but also
the presence of stromal cells as critical for reliable recon-
struction of the processes involved in cancer promotion.

In the process of cellular invasion and metastasis, matrix
remodeling occurs by enzymatic action of MMPs, which
represent a family of more than twenty endopeptidases that
can be synthesized by tumor cells or by stromal cells.35,36

Type I collagen is the main constituent of the dermis and,
therefore, consists of an important substrate for MMPs. Ntayi
et al.37 demonstrated that MMP-2 levels were not changed

when cultured melanoma cells and fibroblasts were physi-
cally isolated, whereas the expression of MMP-2 increases on
co-culture. Although those authors did not recreate the three-
dimensional environment presented by our study, our results
are in agreement with their findings, as we also observed
higher activity of MMP-2 when melanoma cells were grown
in the presence of the dermal equivalent. According to Hof-
mann et al.,38 the expression of MMP-1, -2, and -13 is in-
creased in advanced stages of melanoma; whereas the
expression of MMP-9 is limited to early stages of progres-
sion, reducing the evolution of the tumor. Likewise, this
enzyme showed low activity levels in our zymograms with
metastatic melanoma cell lines.

In this study, we observed the gradual growth of mela-
noma tumor cells into the dermal equivalent from the 5th
day of culture and also the progressive invasion of these
cells into the substrate up to the 15th day of culture. Inter-
estingly, the dermal equivalent appeared to provide a pro-
tective environment for the melanoma cells, as there was a
decreased response to Dox treatment, enabling a higher
percentage of viable melanoma cells in this culture condi-
tion when compared with monolayer culture on plastic or on
collagen type 1.

Cancer cells are known to produce cytokines that attract
inflammatory cells, which, in turn, also express a wide array
of cytokines, proteases, and pro-invasive ECM proteins.39

Proinflammatory cytokines such as those belonging to the
IL-6 family are frequently observed in the tumor microen-
vironment.26,40–42 IL-6 is a pleiotropic cytokine with nu-
merous biological activities. It can also be produced by
normal components of the skin, including epidermal cells,
dermal fibroblasts, and endothelial cells.43 In many studies,

FIG. 5. Melanoma cells growth into dermal equivalent under Dox treatment. Human melanoma cell line SK-Mel-103 was
seeded on type I collagen gel or dermal equivalent and 5 to 15 days after plating, the cultures were treated with Dox. The
histological slides were seen by H&E staining. Also, vimentin staining of SK-Mel-103 seeded on type I collagen gel or
dermal equivalent for 15 days, after treatment with Dox. Dermal equivalent with no melanoma cells was used as a control.
Magnification: 100· (right bottom smaller figures) and 400· (larger figures). H&E, hematoxylin and eosin.
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the presence of this cytokine has been associated with ma-
lignant cells and it is a candidate for a prognostic marker for
melanoma.44 We observed dramatic increases in production
of the cytokine IL-6 in all three SK-Mel-19, -103, and -147
melanoma cell lines grown on dermal equivalents when
compared to the same melanoma cells grown on plastic or
collagen coated plates. In addition, we showed a higher pro-
duction of IL-8 in SK-Mel-103 and -147, when melanoma
cells were cultured in the dermal equivalent, compared to
other culture conditions. These findings suggest that a direct
interaction between melanoma cells and the stroma cells was
necessary to increase production of those cytokines and
provide further evidence that the microenvironment is capa-
ble of modulating melanoma growth.

Inparallel,Vimentin is themajorfilamentproteinexpressed in
the cytoskeleton of mesenchymal cells. For this reason, this
protein is often used as a marker of mesenchymally derived cells
or cells undergoing epithelial-to-mesenchymal transi-
tion (EMT) during both normal development and metastatic
tumor progression.45 Its overexpression in several epithe-
lial cancers, includingprostate cancer, gastrointestinal tumors,
tumors of the central nervous system, breast cancer, lung
cancer, and malignant melanoma, correlates with accelerated
tumor growth, invasion, and poor prognosis.27 In our study, we
found high Vimentin expression in melanomacells cultured on
collagen gel or dermal equivalent even after Dox treatment.

Altogether, our results indicate that the dermal equivalent
protects melanoma cells against Dox cytotoxicity, inhibits cell
death, and induces the secretion of MMPs and pro-tumoral
interleukins, possibly supporting melanoma survival and pro-
moting invasion. Given that our findings demonstrated dis-
tinct drug responses for the same cell types grown under
different culture conditions, we conclude that the microenvi-
ronment is critical and should be considered a platform for fur-
ther evaluation of drugs in anti-cancer therapeutic strategies.
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Universidade de São Paulo
Av. Professor Lineu Prestes, 580–Bloco 17

São Paulo
SP CEP 05508-900

Brasil

E-mail: silvya@usp.br

Received: July 31, 2013
Accepted: February 14, 2014

Online Publication Date: March 21, 2014

FIBROBLASTS PROTECT MELANOMA FROM DOXORUBICIN 2421


