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Abstract
The embryonic microenvironment is known to suppress the tumorigenic phenotype of aggressive cancer cells; however, the

effects of tumorigenic microenvironments on stem cells have not been sufficiently explored due to the lack of suitable model

systems. In order to study the tumorigenic microenviornment, we developed a novel in vitro model system for induction of

malignant transformation of human epithelial-like stem cells (hEpSCs), involving co-cultivation and close contact of

hEpSCs with the A375 melanoma cell line, together with mutagen treatment of hEpSCs with dimethylbenzanthracene

(DMBA). Both factors (close contact and mutagen treatment) were required to transform hEpSCs in vitro and cause

phenotypic changes characteristic of epithelial to mesenchymal transition (EMT), including colony formation, decreased E-

cadherin and increased N-cadherin and vimentin expression. Direct contact between tumor cells and hEpSCs treated with

DMBA increased integrin alpha V (ITGAV gene) expression and caused local activation of the transforming growth factor

(TGF)-b1/Smad signaling pathways in hEpSCs. The novel model system described here is being used to elucidate the

microenvironmental factors and biological mechanisms involved in the induction of neoplastic progression in hEpSCs

in vitro by A375 melanoma cells. A better understanding of the molecular mechanisms by which melanoma cells exert

these effects on hEpSCs may open up new avenues for therapeutic and preventive cancer interventions.
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Introduction

The somatic mutation theory of cancer has been the prevail-
ing paradigm in cancer research for decades and states that
malignant transformation is the result of accumulation of
multiple mutations in normal differentiated cells.1,2 Recent
studies have demonstrated that not all tumor cells have
the capacity to perpetuate the tumor,3 – 8 and that only a
subset of tumor cells with stem cell-like properties, called
cancer stem cells (CSCs), are capable of driving tumor
initiation, progression and recurrence.9 The current CSC
hypothesis suggests CSCs, which arise from normal stem
cells (SCs) by mutation of genes that make the stem cells
cancerous, is consistent with the classical model of multi-
step carcinogenesis,10 as SCs have longer life spans than

their differentiated progeny and could accumulate multiple
mutations over many years.11

Somatic SCs reside in a specialized physical local known
as a ‘niche’.12 The microenvironment in the niche is essential
for the maintenance and functioning of normal SCs.
According to the CSC hypothesis, the first step of tumor for-
mation is the clonal expansion of a mutation-harboring SC
within a niche, known as pretumor progression.11 With
additional mutations, these cells may expand beyond the
confines of an individual niche into microscopic or larger
sized patches/fields.13 For instance, colon tumors are
thought to progress through at least five stages: pretumor
patches/fields, hyperplasia, carcinoma in situ, invasive car-
cinoma and metastasis.14
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The microenvironment has major effects on the develop-
ment and progression of cancer.9 In the classical two-stage
tumorigenesis model, the microenvironment has been pro-
posed to play a part in the promotion phase.15 Several
groups have demonstrated the involvement of microenvir-
onmental factors in tumor progression and proposed that
the microenvironment may promote cancer progression
through distinct signaling mechanisms.16,17 For example,
Olumi et al.18 reported that carcinoma-associated fibroblasts
can direct tumor progression of initiated prostate epithelial
cells by SV40-T.

Recent attention has been given to the interactions
between stem cells and melanoma cells. Indeed, the bidirec-
tional microenvironmental communication may be propa-
gated among cells through at least three different
mechanisms: direct cell–cell contact, autocrine and para-
crine signaling driven by soluble secreted factors, and mod-
eling (or re-modeling) of the extracellular matrix.19 Postovit
and colleagues studied the epigenetic influence of the
microenvironment of human embryonic stem cells on the
reprogramming of aggressive melanoma cells using an
innovative three-dimensional (3D) culture model. They
demonstrated redifferentiation of the melanoma cells to a
melanocyte-like phenotype after exposure to the microenvir-
onment of human embryonic stem cells.20 Further studies
with this model revealed that the aggressive melanoma-
conditioned matrix microenvironment induced transdiffer-
entiation of normal melanocytes into melanoma-like cells
exhibiting a vasculogenic phenotype.21 These studies
demonstrated that the embryonic microenvironment may
have a significant influence on the phenotypic character-
istics of aggressive cancer cells; however, the effects of a
tumorigenic microenvironment on normal stem cells have
not been sufficiently explored.

In this study, we established a novel in vitro 3D co-culture
model system in order to induce malignant transformation
of human epithelial-like stem cells (hEpSCs) in a microen-
vironment created by the A375 melanoma cell line. Using
a two-step protocol (exposure to the mutagen
7,12-dimethylbenz[a]anthracene [DMBA] and subsequent
direct contact with A375 melanoma cells), we showed that
hEpSCs could be converted to melanoma cells via a mech-
anism involving integrin alpha V-mediated activation of
transforming growth factor (TGF)-b1 signaling.

Materials and methods

Cell cultures

hEpSCs were isolated from the dermis of aborted human
fetuses as described previously,22 which were aged about
20 weeks, collected from a local hospital and approved by
the Chinese Ethical Committee of the Institute of Zoology.
hEpSCs were cultured on a mitomycin C-treated NIH3T3
feeder layer in the medium using the method as previously
reported.23 The medium was made up of the following:
three parts of Dulbecco’s modified Eagle’s medium plus
one part of Ham’s F-12 medium containing 10% fetal calf
serum (Gibco, New York, NY, USA), 20 ng/mL epidermal
growth factor (Sigma, St Louis, MO, USA), 5 mg/mL

transferring (Sigma), 1.8 � 10–4 mol/L adenine (Amresco,
Solon, OH, USA), 5 mg/mL insulin (Sigma), 10–10 mol/L
cholera toxin (Sigma) and 0.4 mg/mL hydrocortisone
(Sigma). The cultures were grown in a humidified 5% CO2

atmosphere at 378C and the medium was changed every
two days. hEpSCs were passaged at 80% confluence after
removing the feeder cells with 0.02% ethylenediaminete-
traacetic acid. We examined the high expression of
beta1-integrin and keratin 19 (data not shown) using immu-
nofluorescence, which were previously reported to be
important markers for epidermal stem cells. A375 cells
(Cell Bank, Chinese Academy of Sciences, Shanghai,
China) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS;
Gibco), 2 mmol/L L-glutamine, 100 U/mL penicillin and
100 mg/mL streptomycin at 378C with 5% CO2.

Co-culture model of A375 and hEpSCs or hEpSCs
treated with DMBA in vitro

In some experiments, hEpSCs were treated with 0.1 mg/mL
DMBA (Sigma-Aldrich, St Louis, MO, USA) for 16 h prior to
the co-culture with A375 cells. For contact co-culture, A375
cells were first seeded on the bottom of a porous membrane
of a cell culture insert (Falcon 6-well cell culture inserts, pore
size 0.4 mm; 353090; BD FalconTM, Micronic, Lelystad, the
Netherlands) and cultured with the bottom upwards at
378C in a 5% CO2 in air atmosphere for six hours. Then
the inserts were transferred to the six-well plates and cul-
tured at 378C in a 5% CO2 in air atmosphere for 24 h.
hEpSCs or hEpSCs treated with DMBA were seeded on
the top sides of the cell culture insert. In the non-contact
culture, hEpSCs or hEpSCs treated with DMBA were
seeded on the top sides of the cell culture insert whereas
the A375 cells were grown at the bottom of the six-well
plate with the same method. hEpSCs or hEpSCs treated
with DMBA were seeded alone on the top of the porous
membrane of the insert as an additional control.

Xenograft tumorigenicity

BALB/c nude mice were maintained in a specific pathogen-
free facility. hEpSCs at passage six were treated with 0.1 mg/mL
DMBA for 16 h, and then co-cultured with A375 cells for seven
days. hEpSCs with 1 � 106 cells/mL in the experiment groups
were suspended in 100 mL cold phosphate-buffered saline
(PBS) before implantation and inoculated subcutaneously
into the right posterior flank of six-week-old immunodeficient
mice as previously described.21 Six micewere used foreach con-
dition. Tumors were measured with a digital caliper every two
or three days to estimate tumor volume until the xenograft
reached 1–1.5 cm or termination of the study. Tumor volume
was calculated with the formula 4/3

Q
� (d/D) 2 � D/2,

where d is the minor tumor axis and D is the major tumor
axis. All animal procedures were approved by the Ethical
Commission of the Second Military Medical University
(Shanghai, China).
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Anchorage-independent colony formation assay

After seven-day co-culture, we first wiped A375 cells on the
bottom of porous membrane of the cell culture using a
cotton swab, and digested hEpSCs treated with DMBA on
the top sides of the cell culture insert in the control,
no-contact and contact groups with 0.25% trypsin. Then,
hEpSCs treated with DMBA in the three groups at day 7
were separately plated into soft agar (Wako, Osaka, Japan)
in a 60-mm culture dishes (Geriner) according to 1000 cells
per dish. The cells were suspended in 3 mL of 0.35% agar
supplemented with the culture medium. The cell suspen-
sion was layered over the bottom layer of 3 mL of 0.6%
agar. Colonies .50 mm in diameter were counted in tripli-
cate dishes at day 21 of culture and the average number of
three culture dishes was recognized as the means.

Proliferation curve in vitro

Cell proliferation and cell death were assessed using Trypan
blue staining. hEpSCs treated with DMBA in the control,
no-contact and contact groups as the above isolated
method were plated into a 24-well plastic tissue culture
plate (Geriner) according to 2 � 104 cells per well. The cul-
tures were grown for seven days. The cells of every three
wells were trypsinized for enumerating the number of
viable cells separately each day. The cells of each well
were enumerated triplicately and the average number of
three wells was recognized as the means daily. The
growth curves of hEpSCs in the three groups were also dis-
played as the same process.

Cell migration and invasion assays

hEpSCs treated with DMBA in the three groups for
migration were assessed using modified Boyden chambers.
The lower surfaces of transwells (8 mm pore size; Costar
Corp, Cambridge, MA, USA) were precoated with 1 mg/
mL of gelatin for two hours at 378C. The transwells were
then assembled in a 24-well plate (Fisher Scientific Co.,
Pittsburgh, PA, USA). The lower chamber was filled with
serum-free medium. Monolayer cells were collected by tryp-
sinization, washed and resuspended in serum-free medium
at a concentration of 5 � 105 cells/mL; 5 � 104 cells were
then inoculated onto the upper side of each modified
Boyden chamber. The plates were placed at 378C in 5%
CO2/95% air and migration was left to proceed for 16 h.
Cells at 378C that had migrated to the lower surfaces of
the filters were fixed with 10% formalin phosphate and
stained with 0.1% crystal violet–20% methanol (v/v).
Images of at least five random fields per filter were digitized
(�100 magnification). The average number of migrating
cells per field was quantified using Northern Eclipse soft-
ware (Empix Imaging Inc, Mississauga, ON, Canada).
Migration data are expressed as a mean value derived
from at least three independent experiments.

Western blot analysis

Expression of E-cadherin was examined using a goat poly-
clonal antibody against E-cadherin (1:1000 dilution; Santa

Cruz Biotechnology; Santa Cruz, CA, USA). Expression of
ITGAV (integrin alpha V) was determined using mouse
monoclonal antibodies (1:1000 dilution; Santa Cruz
Biotechnology). Phosphorylated Smad2 was determined
using a monoclonal mouse anti-human antibody (Santa
Cruz Biotechnology). Samples were lysed at 08C using a
lysis buffer containing: 50 mmol/L Hepes (pH 7.5),
150 mmol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA,
10% glycerol, 1% Triton X-100, 1 mg/mL aprotinin, 1 mg/mL
leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride and
0.1 mmol/L sodium orthovanadate. Supernatant containing
40 mg protein was boiled for five minutes in a sodium
dodecyl sulfate (SDS) sample buffer and subject to 10%
SDS electrophoresis. Proteins were transferred on to a nitro-
cellulose membrane by semi-dry transfer at 200 mA for two
hours and probed with a primary antibody. Primary anti-
bodies were detected by horseradish peroxidase-conjugated
anti-IgG and visualized using an ECL system (Amersham,
Arlington Heights, IL, USA).

Histology and immunohistochemistry

After the mice were sacrificed, the nodules were immedi-
ately removed and fixed in 10% phosphate-buffered
formalin, and then embedded in paraffin. Four-micron-
thick sections were prepared and mounted on poly-
L-lysine-coated slides (Sigma), and stained with hematoxy-
lin & eosin (HE). To confirm the human origin of the
tumor cells, we performed immunohistochemistry staining
of human leukocyte antigen (HLA) class I using a mono-
clonal mouse anti-human HLA class I antibody (1:100
dilution; Sigma). ChemMate Detection Kit (peroxidase/
3,3 V-diaminobenzidine, rabbit/mouse; DakoCytomation,
Carpinteria, CA, USA) was used for immunodetection. To
confirm the characteristics of the tumor, cytoplasmic stain-
ing with a monoclonal mouse anti-human Melan-A anti-
body (A103, 1:100 dilution; Neomarkers, Fremont, CA,
USA) for the detection of malignant melanoma in the
contact groups was performed. Slides were then incubated
with a donkey anti-mouse Ig-Cy3 (1:200 dilution; Boster
Biotechnologies Inc, Beijing, China). For negative control,
isotype controls were used in all the immunstaining exper-
iments. Slides were observed under an Olympus FluoView
Confocal Laser Scanning Microscope (CLSM) with Ar and
He/Ne lasers.

Fontana–Masson staining

Deparaffined slides were fixed in formalin, and treated as in
the following steps: 3.3% silver amine solution for 90 min at
608C, 0.2% gold chloride for 10 min at room temperature,
5% sodium thiosulfate for five minutes and counterstaining
with nuclear fast red (Sigma).

Immunostaining

We carefully wiped A375 cells on the bottom of the porous
membrane of the cell culture using a cotton swab, digested
hEpSCs on the top sides of the cell culture insert with 0.25%
trypsin and seeded these cells in the three groups separately
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on the slides. hEpSCs were incubated with one of the
following primary antibodies: N-cadherin, Vimentin (goat
polyclonal antibody, 1:100 dilution; Santa Cruz
Biotechnology), ITGAV and p-Smad2 (monoclonal mouse
antihuman antibody, 1:100 dilution; Santa Cruz
Biotechnology). Cells were then incubated with a donkey
anti-goat Ig-Cy3, mouse anti-rabbit Ig-Cy3 and goat anti-
mouse Ig-FITC (1:200 dilution; Boster Biotechnologies Inc).
For negative control, primary antibodies were omitted.
Cells were observed under an Olympus FluoView CLSM
with Ar and He/Ne lasers, or Leica LSM TCS SP2 AOBS
CLSM with Ar, He/Ne and blue diode lasers.

Flow cytometry analysis

hEpSCs were detached with 0.25% trypsin. Before staining,
cells were washed twice with PBS. Then, 1 � 105 cells per
sample were incubated for 30 min at 48C with one of the fol-
lowing primary antibodies: N-cadherin and Vimentin, at
varying concentrations. After the incubation with primary
antibody, cells were washed twice in PBS containing 1%
bovine serum albumin (PBS-BSA) and re-suspended in
400 mL PBS-BSA containing 4 mg secondary antibodies.
After 30 min incubation at 48C, cells were washed twice in
PBS-BSA and re-suspended in 200 mL PBS. An isotypic
control (IgG2a, Beckman-Coulter, Fullerton, CA, USA) was
used to determine non-specific binding. Fluorescence of
cell was analyzed with a FACS Vantage flow cytometer
(Becton-Dickinson, Grenoble, France). A total of 105 cells
of each sample were analyzed at a flow rate of 1000 cells/s.

Total RNA isolation and semi-quantitative reverse
transcriptase polymerase chain reaction analysis

Total RNA was extracted using the TRIzol reagent (Life
Technologies, Gaithersburg, MD, USA). One microgram of
total RNA was used for first-strand cDNA synthesis followed
by specific gene product amplification with the One-step
RT-PCR Kit (Invitrogen, Life Technologies). Primers for
ITGAV (forward, 50-TGAGGATATCACCAACTCCACA-30;
reverse, 50-GTTGCTAATTCTAGTGGGTCA-30) and for 18s
(forward, 50-GTAACCCGTTGAACCCCATT-30; reverse,
50-CCATCCAATCGTAGTAGCG-30) were both derived from
human sequences. Polymerase chain reaction (PCR) con-
ditions were optimized so that the gene products were exam-
ined at the exponential phase of their amplification and the
products were resolved on 1.8% agarose gels containing
1 mg/mL of ethidium bromide.

cDNA synthesis and realtime quantitative reverse
transcriptase-PCR

Total RNA was extracted from fresh nodules that were
formed by hEpSCs treated with DMBA in the contact
group in nude mice at different times. For cDNA synthesis,
1 mg total RNA was reverse-transcribed into cDNA using
high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). Primer sequences
for MITF were: CCGTCTCTCACTGGATTGGT, TACTTGGT
GGGGTTTTCGAG. Gene expression was quantified by

realtime quantitative PCR using iQ SYBR Green Supermix
(Bio-Rad Laboratories, Inc, Hercules, CA, USA). DNA ampli-
fication was carried out usingIcycler iQ5 (Bio-Rad
Laboratories, Inc) and product detection was done by
measuring the binding of the fluorescent dye SYBR Green I
to double-stranded DNA. All the primer sets were provided
by Qiagen (Valencia, CA, USA). The relative quantities of
target gene mRNA against an internal control, 18S rRNA,
were measured by following aDCT method. An amplification
plot that had been the plot of fluorescence signal versus cycle
number was drawn. The difference (DCT) between the mean
values in the triplicate samples of target gene and those of 18S
rRNA were calculated by iQ5 Optical System Software
version 2.0 (Bio-Rad) and the relative quantified value was
expressed as 2 DCT.

Enzyme-linked immunosorbent assay

The levels of cytokines, growth factors and chemokines
(TGF-b1, TGF-b2, matrix metalloproteinase [MMP]-1,
MMP-2, MMP-3, GRO and ENA) in the various culture
supernatants were measured by the corresponding
Quantikine ELISA kit (R&D Systems) according to the man-
ufacturer’s protocols.

Knockdown ITGAV by RNAi in hEpSCs

To establish stable expression of small interfering RNA
(siRNA) in hEpSCs, we used the siRNA expression vector
pGCsilencerTM U6/NEGative vector (Genscript Corp,
Piscataway, NJ, USA), which co-expresses green fluorescent
protein to allow identification of transfection efficiency.
ITGAV specific and non-specific siRNA sequences were syn-
thesized by GeneChem Corp (Shanghai, China) and
inserted into the pGCsilencerTM U6/NEGative vector. The
targeting sequence of the shRNA was 50-CAATGAAAGG
AGCCACAGATA-30 (GenBank GI: NM_002210), and con-
firmed by sequencing. A non-specific siRNA expression
vector was also generated for use as a negative control.
The plasmid was transfected into hEpSCs by a lipofection
method, using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. Stably transfected colonies
showing suppression of ITGAV protein were selected after
neomycin (Invitrogen) treatment at 200 mg/mL and used
for the subsequent experiments. The extent of
siRNA-mediated inhibition of ITGAV was evaluated by
Western blot analysis with specific antibodies.

Statistical analysis

Experiments were performed in triplicate and results are
expressed as mean+ standard deviation (SD). For the
tumor volume assays, data were analyzed using analysis
of variance, followed by the Student–Newman–Keuls test
for pairwise multiple comparisons. Other data were ana-
lyzed using Student’s t-test. In all experiments, differences
were considered statistically significant at P , 0.05, and an
asterisk (�) identifies such significance in the figures.
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Results

hEpSCs formed melanoma in vivo when treated with
DMBA and then cultured in contact with A375
melanoma cells

hEpSCs at passage six were treated with or without 0.1 mg/mL
DMBA for 16 h, and then co-cultured with A375 cells for
seven days. Three groups of cultures were studied: (1)
contact group, hEpSCs or hEpSCs treated with DMBA þ
A375 melanoma cells in contact co-culture for seven days
by seeding on the bottom and top sides of a porous mem-
brane of a cell culture insert, respectively; (2) no contact
group, hEpSCs or hEpSCs treated with DMBA þ A375 mel-
anoma cells co-cultured without contact (separated by cell
culture insert) but allowing hEpSCs to be exposed to the
A375 conditioned media for seven days; and (3) control
(control cultures containing hEpSCs or hEpSCs treated
with DMBA only for 7 days). To assess the tumorigenesis
of hEpSCs or hEpSCs treated with DMBA in the three
groups, we established a xenograft model. Fourteen days
after receiving hEpSCs or hEpSCs treated with DMBA in
the three groups, nodules appeared in nude mice at 14 d
and only hEpSCs treated with DMBA in the contact group
formed black nodules (Figure 1a) and, therefore, the cells
we studied in the following experiments were hEpSCs
treated with DMBA. The growth kinetics of hEpSCs
treated with DMBA in the contact group xenografts in
nude mice (n ¼ 6 for each experimental group) showed
the proliferous ability of transformed hEpSCs in vivo. HE
staining of the subcutaneous tissue showed significant
differences among the three experimental groups
(Figure 1b). Fontana–Masson staining for melanin revealed
hyper-pigmentation in the contact group, but not in the
other two groups (Figure 1b). However, hEpSCs without
treatment with DMBA in the three groups of cultures pre-
sented no pigmentation in the contact group (data not
shown). HLA-1 immunohistochemistry confirmed the
human origin of the cells with hyper-pigmentation
(Figure 1b). Cytoplasmic staining with Melan-A by fluor-
escence microscopy showed the expression of the melanoma
antigen in the skin (Figure 1c). Furthermore, quantitative
PCR revealed the expression of MITF in vivo (Figure 1d).
These data preliminarily indicated that transformed
hEpSCs were able to form a melanoma-like tumor in vivo.

hEpSCs undergo maligant transformation and
epithelial–mesenchymal transition when treated with
DMBA and then cultured in contact with A375
melanoma cells

Transformed hEpSC colonies were observed at day 7 in
hEpSCs treated with DMBA and in direct contact to A375
cells, but not in the non-contact group or in hEpSCs
treated with DMBA cultured alone (Figure 2a). The
‘pile-up’ appearance of hEpSC colonies in the contact
group prompted us to examine their anchorage-
independent growth in soft agar. We carefully wiped
A375 cells on the bottom of the porous membrane of the
cell culture using a cotton swab, digested the hEpSCs on
the top sides of the cell culture insert with 0.25% trypsin

and seeded these cells in the three groups separately in
soft agar at the density of 1000 cells per well. After incu-
bation for three weeks, in contrast to the absence of colonies
in control group cells, nearly 5% of hEpSCs in the contact
group formed large colonies (Figure 2e), indicating that
hEpSCs with direct contact to A375 cells had undergone
the transformation. Additionally, we monitored the prolifer-
ation curve for hEpSCs in the three groups and showed that
hEpSCs with direct contact to A375 cells in the contact
group had the enhanced proliferation prominently in vitro
(Figure 2f ). Reduction of E-cadherin and concomitant pro-
duction of N-cadherin are features of epithelial–mesenchy-
mal transition (EMT). In the hEpSCs treated with DMBA
and then induced by A375 cells, expression of N-cadherin
and Vimentin was significantly increased (Figure 2b),
whereas expression of E-cadherin was decreased in the
same experimental group (Figure 2d). As is known, down-
regulation of E-cadherin is the hallmark molecular change
that occurs during EMT. The number of cells positive for
N-cadherin and Vimentin in the contact group was signifi-
cantly increased (Figure 2c). In addition to biochemical
changes, a very important aspect of EMT is increased cellu-
lar motility. A tumor invasion assay showed migration
ability of hEpSCs treated with DMBA and then induced
by A375 cells in the contact group was significantly
increased compared with the other groups (Figure 2g).

These data indicated that transformed hEpSCs possess
mesenchymal characteristics and EMT. However, hEpSCs
without DMBA treatment in the three groups of cultures
presented no phenotype changes or transformation (data
not shown).

The contact of A375 and hEpSCs causes a rise in the
levels of TGF-b1 and activation of TGF-b1/Smad
signaling pathways

The aforementioned observations indicate that malignant
transformation of the hEpSCs required direct contact with
melanoma. We speculate that direct contact between mela-
noma cells and hEpSCs may stimulate certain paracrine
signals. To identify these signals, in vitro co-cultures of
A375 cells and hEpSCs were established and their con-
ditioned media were measured for the levels of various
cytokines and growth factors by enzyme-linked immuno-
sorbent assay (ELISA) (Figure 3a). In some cases, certain
released factors (for example, MMP-1 or GRO) were
higher in the contact group than in the remaining two
groups. Notably, TGF-b1 was three-fold higher in the
contact culture group than the hEpSCs alone or no-contact
co-culture group (Figure 3c), suggesting a synergistic inter-
action between A375 and hEpSCs. This cooperative induc-
tion of TGF-b1 was apparent as early as the third day of
co-culture (Figure 3b). To determine whether TGF-b1
signal pathways in hEpSCs are activated in the contact
co-culture group, we measured the phospho-Smad2
(p-Smad2), a downstream signal transduction factor of
TGF-b1. Importantly, subsequent co-culture of these
hEpSCs and cancer cells continued to allow accumulation
of p-Smad2 in hEpSCs in the contact co-culture group that
were comparable to those observed in the no-contact
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Figure 1 Human epithelial-like stem cells (hEpSCs) formed melanoma in vivo when treated with 7,12-dimethylbenz[a]anthracene (DMBA) and then cultured in

contact with melanoma cells. (a) In vivo nodule formation in nude mice injected with hEpSCs at 14 d when treated with DMBA and then induced by co-culturing

with melanoma cells for seven days. Normal: hEpSCs þ A375 melanoma cells. DMBA: hEpSCs treated with DMBA þ A375 melanoma cells. (b) Epidermis mor-

phology in tumorigenesis model. ctl1/nctt2/ctt3: hematoxylin and eosin staining in control group, no-contact group and the contact group (ctl, nctt, ctt), respect-

ively (�100). ctt4: Fontana–Masson staining in the contact group (ctt) (�200); ctt5: imunohistochemistry alkaline phosphatase staining for human human

lelukocyte antigen-1 in the contact group (ctt) (�200). (c) Fluorescence microscopy analysis of cryosections of nodules in the contact group by staining with

Melan-A. Top (bar: 300 mm); bottom (bar: 75 mm). (d) Relative gene expression levels of MITF (a melanoma-specific transcription factor) were assessed by quan-

titative polymerase chain reaction using total RNA extracted from fresh nodules, which were formed by hEpSCs treated with DMBA in the contact group in nude

mice at the indicated times (bars: SE; �P , 0.05; ��P , 0.01). RQ, rationality. (A color version of this figure is available in the online journal)

................................................................................................................................................
Sun et al. 3D culture model for malignant transformation of hEpSCs via integrin alpha V activation of TGF-b1 signaling 357



group and control group (Figure 3d). Meanwhile, immuno-
cytochemistry revealed that p-Smad2 could be detected in
the nuclei of 40–60% transformed hEpSCs (Figure 3e),
suggesting that direct contact between melanoma cells and
hEpSCs activates the TGF-b1/Smad signaling pathways.

Establishment of difference stable ITGAV interference
levels of hEpSCs

In our experiments, strong expression of ITGAV protein was
detected in hEpSCs after contact co-culture by immuno-
fluorescent microscopy (Figure 4b). To further test the
accumulation of ITGAV in the transformed hEpSCs,
mRNA expression of ITGAV was assessed by reverse tran-
scriptase (RT)-PCR. Consistent with results of our previous
studies, mRNA expression of ITGAV was increased in
contact co-culture (Figure 4b). To explore the role of

Figure 1 Continued

Figure 2 Human epithelial-like stem cells (hEpSCs) undergo epithelial–mesenchymal transition when treated with 7,12-dimethylbenz[a]anthracene (DMBA) and then

cultured in contact with melanoma cells. (a) Phase-contrast micrograph of colonies formed by hEpSCs in the contact group (ctt) and not in the no-contact group (nctt)

and control groups (ctl) at seven days (�100). (b) Representative confocal images of N-cadherin and Vimentin in hEpSCs, which were treated with DMBA and then

induced by co-culturing with A375 cells for seven days. N-cadherin (bar: 10 mm); Vimentin (bar: 30 mm). (c) Proportion of cells positive for N-cadherin and Vimentin

in hEpSCs determined by flow cytometry analysis in the three groups (ctl, nctt, ctt). (d) Western blot analysis of E-cadherin in hEpSCs at the indicated time points.

(e) hEpSCs originating from the contact group (ctt) can form colonies in soft agar but cells from the other two groups cannot form colonies either (�100). The percen-

tage of anchorage-independent colonies .50 mm in diameter after incubation for 21 d. The data represent the mean_standard deviation of triplicate samples.

(f ) Growth curves of hEpSCs in the three groups are presented. The growth curves were determined in triplicate, and they are representative of three independent

experiments. (g) Migration ability of hEpSCs in the three groups is presented. Columns, mean of a representative experiment in which five random fields per filter

were counted for each condition (bars: SE; �P , 0.05; ��P , 0.01) (A color version of this figure is available in the online journal)
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ITGAV in the process of tumorigenesis, we established
stable siRNA expression vectors, pGCsilencerTM U6/
NEGative (NCRNAi) and pGCsilencerTM U6/ITGAV
(ITGAV RNAi). After transfection of NCRNAi and ITGAV
RNAi in cultured human embryonic stem cells (hESCs),
colonies (NC, A2, C1, D2 and F4) were selected by neomy-
cin (200 mg/mL). Western blots revealed that ITGAV RNAi
treatment decreased total cellular ITGAV protein levels
(Figure 4c). Histogram analysis showed the average level
of ITGAV interference was 50%, 30%, 70% and 90%
(Figure 4d) for A2, C1, D2 and F4, respectively.

ITGAV may be the major tumorigenic molecule and
mediate activation of TGF-b1 signaling

To investigate the functional consequences of ITGAV inter-
ference in the process of tumorigenesis, the growth kinetics
of transformed hEpSCs with ITGAV interference in vivo
were compared with those of hEpSCs that had been pre-
viously co-cultured over four weeks. ITGAV interference
inhibited the tumor growth (Figure 4e). More importantly,
in the case of ITGAV with interference efficiency of 90%
and 70% of hEpSCs, their tumor volume displayed a

Figure 2 Continued
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significant decrease (Figure 4f) by statistical analysis of
Figure 4e. These data suggested that ITGAV may contribute
to the tumorigenesis.

Since ITGAV and TGF-b1 were involved in the transform-
ation of hEpSCs, we next set out to resolve the relationship
between ITGAV and TGF-b1. We measured the levels of
TGF-b1 in the media of hEpSCs after stable knockdown of
90% ITGAV. ELISA analysis revealed that stable knockdown
of 90% ITGAV did not result in accumulated levels of
TGF-b1 in the contact groups (Figure 4g). Western blots of
p-Smad2 in hEpSCs after the difference knockdown
ITGAV levels in contact co-culture group at three days
also showed a weakening of TGF-b1 signaling (Figure 4h).
Taken together, these observations suggested that ITGAV
mediate the local activation of TGF-b1/Smad signaling
pathways.

Discussion

Results from the current study demonstrated that hEpSCs
may undergo neoplastic transformation when first treated
with the mutagen DMBA and then cultured in contact
with melanoma cells. This finding is consistent with the

recent notion that microenvironment plays a pivotal role
in the development and progression of cancer.9

Interestingly, Seftor found that the melanoma microenviron-
ment could cause epigenetic transdifferentiation of normal
melanocytes to melanoma-like cells, suggesting that
normal cells could be re-programmed by inductive cues in
the tumor cell microenvironment.21,24 Melanocytes are not
the only cell type susceptible to this kind of epigenetic
modulation by a cancerous microenvironment. When
hESCs are cultured on a 3D matrix conditioned by aggres-
sive melanoma cells for three days, hESCs exhibit a vasculo-
genic and mesenchymal-like phenotype following exposure
to the microenvironment of metastatic melanoma cells.19

Malignant transformation of the hEpSCs required exposure
to DMBA as well as contact with melanoma. We speculate
that DMBA causes permanent gene damage (e.g. mutations
in H-ras oncogene), which in turn allows for autonomous
growth, and the melanoma microenvironment could func-
tion as a classic tumor promoter or co-carcinogen. In
addition, it is known that melanomas arise from melano-
cytes, which originate from the neural crest. However, in
our study, hEpSCs formed melanoma-like cells when first
treated with the mutagen DMBA and then cultured in
contact with melanoma cells. It may be possible that

Figure 3 Contact between A375 and human epithelial-like stem cells (hEpSCs) increases the level of transforming growth factor (TGF)-b1 and activates the

TGF-b1/Smad signaling pathway. (a) hEpSCs were treated with 7,12-dimethylbenz[a]anthracene (DMBA) and then induced by co-culturing with A375 cells for

three days in complete media (contact, no-contact and control groups). The levels of various factors in the cell-free culture supernatants were measured by immu-

noassay at day 3. Data are expressed as fold induction+SD of triplicate experiments (bars: SE; �P , 0.05; ��P , 0.01). (b) TGF-b1 enzyme-linked immunosorbent

assay (ELISA) of hEpSC media obtained from the contact, no-contact and control groups at the indicated time points. Data points represent means+SD of tri-

plicate experiments (bars: SE). (c) TGF-b1 ELISA of hEpSC media obtained from the contact, no-contact and control groups at the indicated time points. Data are

expressed as fold induction+SD of triplicate experiments (bars: SE; �P , 0.05). (d) Western blots revealed that the expression of P-Smad2 in hEpSCs in the

contact group at the indicated time points (bars: SE; �P , 0.05). (e) Representative confocal images of p-Smad2 in hEpSCs in the control, no-contact and

contact group at three days (bar: 8 mm) (A color version of this figure is available in the online journal)
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hEpSCs are derived from the skin of young fetuses and have
the capacity of pluripotentiality because we replaced
hEpSCs with HaCaT (an immortalized human keratinocyte
line) and did not repeat the experiments. We speculate that
these fetal precursors are likely proliferating more rapidly
than adult cells.

EMT is a remarkable example of cellular plasticity and is
pivotal in cancer progression. Reduction of E-cadherin and
concomitant production of N-cadherin are characteristic fea-
tures of EMT.25,26 During EMT, epithelial cell–cell contact
decreases. Cytoskeletal components are down-regulated;
mesenchymal markers such as smooth muscle actin and
Vimentin are up-regulated.27,28 In addition to maintaining
the epithelial phenotype, expression of N-cadherin is
necessary and sufficient to promote EMT and cell motility.29

We found convincing evidence for EMT in hEpSCs in
contact with melanoma cells: expression of mesenchymal

markers (N-cadherin, Vimentin) and decreased expression
of E-cadherin. Furthermore, analysis of cell proliferation
and anchorage independence (soft agar growth) showed
hEpSCs underwent neoplastic transformation when first
treated with the mutagen DMBA and then cultured in
contact with melanoma cells.

EMT can be induced in the tumor microenvironment
and can be regulated by the TGF-b signaling
pathway.30 – 32 The TGF-b1 cytokine is a pleiotropic
growth factor that can regulate cell proliferation, differen-
tiation and immune responses.33,34 Although TGF-b is
recognized as an inhibitor of normal epithelial cell prolifer-
ation and an early-stage tumor suppressor, tumor cells
often acquire resistance to the growth-suppressive activities
of TGF-b1 during tumor progression.35,36 In some tumors,
TGF-b1 expression and activity has been implicated in pro-
moting survival, progression and metastases.37 – 39 This is

Figure 3 Continued

................................................................................................................................................
Sun et al. 3D culture model for malignant transformation of hEpSCs via integrin alpha V activation of TGF-b1 signaling 361



Figure 4 Establishment of different stable ITGAV (integrin alpha V) interference levels of human epithelial-like stem cells (hEpSCs). (a) Reverse transcriptase-

polymerase chain reaction (RT-PCR) analysis of ITGAV in hEpSCs in the contact group (ctt) at the indicated time points. 18s rRNA was amplified to confirm

that equal amounts of total mRNA were used for each sample. (b) The expression levels of ITGAV on the surface and cytoplasm of hEpSCs in the contact

group (ctt) and in the control group (ctl) were tested by immunofluorescence analysis. (c) RT-PCR revealed that the expression of ITGAV protein in cultured

hEpSCs infected with non-target control RNAi (NCRNAi) and ITGAV RNAi. Actin is shown as the control for equal protein loading. NC, A2, C1, D2 and F4

were the five colonies selected, respectively. (d) Western blots revealed the expression of ITGAV protein in selected hEpSC NC, A2, C1, D2 and F4 colonies.

Actin is shown as the control for equal protein loading. Histograms represent the average level of ITGAV knockdown in the hEpSCs (columns: mean of two inde-

pendent experiments done in quadruplicate; bars: SE). Values were normalized to those of actin protein in each case. (e) Growth curves of hEpSCs treated with

7,12-dimethylbenz[a]anthracene and then induced by co-culturing with A375 cells for seven days in the contact group xenografts in nude mice (n ¼ 6 for each

experimental group). Blue, control small interfering RNA (siRNA)-treated hEpSCs (G-RNAiCtl); red, siRNAC1-treated hEpSCs (G-RNAiC1); yellow,

siRNAD2-treated HESCs (G-RNAiD2); bluish-green, siRNAF4-treated hEpSCs (G-RNAiF4) (bars: SE). (f ) Tumor volumes which come from Figure 4E (mean+
SEM, n ¼ 6) were taken at four weeks. Data shown are representative of triplicate experiments (bars: SE; �P , 0.05; ��P , 0.01). (g) Left: transforming growth

factor (TGF)-b1 enzyme-linked immunosorbent assay (ELISA) on hEpSC media after stable knockdown of ITGAV by 90% in the contact, no-contact and

control groups at the indicated time points. Data points represent the mean+SD of triplicates (bars: SE). Right: TGF-b1 ELISA on hEpSC media after stable

knockdown of ITGAV by 90% in the contact, no-contact and control groups (ctl, nctt, ctt) at day 3. Data points represent mean+SD of triplicates (bars:

SED). (h) Representative Western blots of p-Smad2 in hEpSCs after the ITGAV knockdown levels in the contact co-culture group (ctt) at three days.

Histograms represent the average level of p-Smad2 in the hEpSCs after ITGAV knockdown in the contact co-culture group (ctt) at three days. (Columns: mean

of two independent experiments done in quadruplicate; bars: SE; �P , 0.05; ��P , 0.01.) Values were normalized to those of Smad2 protein in each case (A

color version of this figure is available in the online journal)

................................................................................................................................................
362 Experimental Biology and Medicine Volume 236 March 2011



postulated to be mediated by both paracrine effects in the
local tumor–stromal environment, including the effects of
TGF-b1 on immune surveillance, angiogenesis and
increased tumor interstitial pressure, as well as autocrine
effects inducing survival signals directly in tumor
cells.40,41 Several studies have now shown the antitumor
effects of inhibiting the TGF-b1 pathway.35,38,39,42,43 In
support of the idea, we found malignant transformation
of the hEpSCs mediated by the local activation of
TGF-b1/Smad signaling pathways.

Integrins, cell-surface receptors that mediate adhesive
interactions between cells and the extracellular matrix,
play an important role in cancer progression.44 ITGAV
subunit heterodimerizes with five different b subunits,
and at least three of these integrins, avb1, avb5 and avb6,

are expressed at varying levels in normal and malignant epi-
thelial cells of the skin.45 The M21-L human melanoma cell
line, lacking avb3 integrin expression, has a dramatically
reduced ability to induce tumors and metastases in nude
mice. Expression of avb3 in M21-L cells restored their
tumorigenic properties.46 Furthermore, subcutaneous
growth of avb3-positive M21 melanoma cells in nude
mice was reduced significantly by av-specific blocking anti-
bodies.47 Prior studies showed that alpha v integrins have
been shown to promote tumor growth through regulating
caspase activity and hence cell survival.48 – 50 Recently,
He et al.51 showed that down-regulation of alpha v integrin
by retroviral delivery of small interfering siRNA signifi-
cantly reduced drug resistance of HT29 multicellular spher-
oids and HT29 xenografts in vivo. Van Aarsen et al.52

Figure 4 Continued
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suggested antibody-mediated blockade of the avb6 receptor
inhibits tumor progression in vivo via a mechanism that
involves TGF-b. The avb6 can bind to TGF-b1 and
TGF-b3 and lead to local activation of TGF-b, which in
turn may affect the neighboring cells in a paracrine
fashion.53 These data are consistent with our results that
ITGAV may contribute to the tumorigenesis and mediate
the local activation of TGF-b1/Smad signaling pathways.

In conclusion, the microenvironment created by mela-
noma cells can lead to cancer formation of latent neoplastic
SCs. Such a microenvironment is a necessary condition for
the carcinogen DMBA to convert hEpSCs to melanoma
cells. Direct contact between tumor cells and SCs, which
causes the local activation of TGF-b1/Smad signaling path-
ways via ITGAV, is essential to malignant transformation.
Better understanding the molecular mechanisms by which
melanoma cells exert these effects may open up new
venues for cancer therapeutic and preventive interventions.
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