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Ultraviolet (UV) light is an epidemiological risk factor
for melanoma, but its specific contribution to mela-
noma induction is not known. The first critical step of
melanoma development, ie, the uncontrolled prolif-
eration of melanocytes, may be induced by a combi-
nation of UV damage and an imbalance of growth
factor production by cells in the immediate area of
the melanocyte. Among several candidates, basic fi-
broblast growth factor (bFGF) is the major autocrine
growth factor in melanoma and associated with tu-
mor progression. Overexpression of bFGF via adeno-
viral gene transfer in human skin xenografted to se-
vere combined immunodeficiency mice led to black-
pigmented macules within 3 weeks of treatment.
Immunofluorescence analysis demonstrated patho-
logical hyperpigmentation, proliferation and hyper-
plasia of activated melanocytes, but no malignant
transformation. Similar changes were observed in
skin reconstructs. When bFGF was combined with
UVB, pigmented lesions with hyperplastic melano-
cytic cells were detected, including a lesion with high-
grade atypia resembling lentiginous forms of malig-
nant melanoma. Donor-matched control grafts
revealed no melanocytic changes. bFGF was overex-
pressed in dermal fibroblasts demonstrating the co-
carcinogenic influence of paracrine-acting growth
factors by cells of the microenvironment. This is the
first report suggesting that an imbalance of physio-
logical growth factor production in the skin may
cause melanoma in combination with UVB. (4m J
Pathol 2001, 158:943-953)

Loss of growth control is a hallmark of cancer and fre-
quently associated with aberrant growth factor produc-
tion. Many tumor cell populations release mitogenic fac-
tors that sustain autonomous growth via autocrine
stimulation and generate a microenvironment favoring
tumor survival and invasion via paracrine effects.’ Al-
though many of these growth factors have been charac-
terized and described in detail in tumor progression and

metastasis, especially in breast cancer, prostate cancer,
and melanoma, their roles in early stages of tumor devel-
opment have been addressed only marginally.

In melanoma, several growth factors are expressed,
including basic fibroblast growth factor (bFGF), mela-
noma growth stimulatory activity/Gro, interleukin (IL)-8,
platelet-derived growth factor-A, IL-6, vascular endothe-
lial growth factor, and granulocyte/macrophage-colony
stimulating factor.? In contrast, normal melanocytes pro-
duce none or only low levels of these factors and during
normal skin development and homeostasis, depend on
the production of bFGF, endothelin-1 and -3, stem cell
factor (SCF), hepatocyte growth factor (HGF), and mela-
nocyte-stimulating hormone by keratinocytes and fibro-
blasts.® Disruption of this homeostatic balance might
have an impact not only on melanocyte development and
distribution, but also on nevus and melanoma develop-
ment.* A potent environmental candidate for inducing an
imbalance of growth factor production in skin is ultraviolet
(UV) light, whose association with nevus and melanoma
development has been documented by epidemiological
studies.®® Limited experimental data have demonstrated
UV induction of melanoma in animal models (Xiphopho-
rus hybrid fish and opossum) as well as in a human skin
graft/immunodeficient mouse model when combined with
7,12-dimethyl(a)benzanthracene.”® In addition to its di-
rect DNA-damaging effects, UVB has been shown to
stimulate expression of IL-1, IL-3, IL-6, tumor necrosis
factor-, granulocyte/macrophage-colony stimulating
factor, endothelin-1, IL-8, IL-12, and vascular endothelial
growth factor in keratinocytes and IL-1a and bFGF ex-
pression in Hela cells.'®~"®> UVA could induce IL-6 and
tumor necrosis factor-a expression in keratinocytes and
dermal fibroblasts.’® In UVB-irradiated murine skin in
vivo, the epidermal expression of bFGF increased,
whereas interferon-g decreased, alterations that were as-
sociated with enhanced cutaneous angiogenesis.'”

bFGF, also called FGF-2, is one of 21 members of the
FGF gene family known to modulate cell growth, differ-
entiation, motility, and angiogenesis.'® bFGF binds to
low-affinity receptors on the cell surface and in the extra-
cellular matrix. These low-affinity receptors that are hepa-
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ran sulfate proteoglycans are required for binding of FGF
to the four different types of high-affinity receptors.™ In
melanoma, bFGF is the most important autocrine growth
factor. Inhibition of bFGF production by antisense oli-
godeoxynucleotides led to inhibition of melanoma prolif-
eration in vitro and in vivo.?®2" Through its mitogenic
effects on endothelial cells and fibroblasts, bFGF produc-
tion by melanoma can also promote angiogenesis and
fiorous stroma formation via a paracrine mode.?? Al-
though expression of bFGF is absent in normal melano-
cytes, it is moderate to high in compound and dysplastic
nevi and always present in melanomas.?3>2° This change
in bFGF expression early in melanoma development sug-
gests an alteration in the growth control mechanisms
during melanocyte transformation. However, bFGF alone
cannot induce complete melanocyte transformation, as
demonstrated by different groups. Infection of murine
melanocytes with a retrovirus carrying the cDNA for bFGF
caused autonomous growth and suppressed differentia-
tion properties in vitro, but was insufficient to form malig-
nant tumors in vivo.?”*® Transfection of human melano-
cytes with bFGF via retroviral gene transfer still required
exogenous bFGF for growth, whereas adenoviral gene
transfer of the bFGF gene in human melanocytes re-
duced dependence on growth factors in vitro, induced
anchorage-independent growth in vitro, and increased
survival and proliferation in vivo.?®3° These observations
led to the hypothesis that melanocytes may be activated
by bFGF, but require additional stimulation by a cooper-
ating factor for complete transformation.

In this study, the effects of bFGF on melanocytes in vivo
with and without exposure to UVB were analyzed in hu-
man skin grafted to immunodeficient mice. To achieve
high and sustained levels of bFGF in the skin, adenoviral
gene transfer for bFGF was used.

A highly mitogenic effect with hyperpigmentation and
melanocytic hyperplasia was found by bFGF overexpres-
sion alone. When combined with UVB irradiation a len-
tiginous melanoma-like lesion developed within 2 months
of treatment. This is the first report suggesting that human
melanoma in vivo can be experimentally induced by a
growth factor and UVB.

Materials and Methods
Cell Culture

Normal human keratinocytes and melanocytes were iso-
lated from the epidermis, and fibroblasts from the dermis
of neonatal human foreskins. Keratinocytes were cultured
in serum-free medium (Life Technologies, Inc., Gaithers-
burg, MD) supplemented with human recombinant epi-
dermal growth factor and bovine pituitary extract. Mela-
nocytes were cultured in MCDB153 (Sigma, St. Louis,
MO) supplemented with 2% fetal bovine serum (FBS),
10% chelated FBS, 2 mmol/L glutamine, 20 pmol/L chol-
era toxin (Sigma), 150 pmol/L recombinant human bFGF,
100 nmol/L recombinant human endothelin-3 (Peninsula,
Belmont, CA), and 10 ng/ml recombinant human SCF

(R&D Systems, Minneapolis, MN). Fibroblasts were cul-
tured in Dulbecco’s modified Eagle’s medium with glu-
tamine (Life Technologies, Inc.), 8 mmol/L Hepes (Sig-
ma), and 10% FBS (Hyclone, Logan, UT).

Adenoviral \Vectors

The adenoviral vector bFGF/Ad5 carrying the gene for
the 18-kd form of the bFGF protein has been de-
scribed.®® The control adenoviral vector LacZ/Ad5 (Vec-
tor Core, University of Pennsylvania, Philadelphia, PA)
induces expression of the reporter gene B-galactosidase
from Escherichia coli. The adenoviral vector for HGF was
kindly provided by Dr. J. M. Wilson (Institute for Human
Gene Therapy, The Wistar Institute, Philadelphia, PA).3"
The adenoviral vectors for platelet-derived growth fac-
tor-A and insulin-like growth factor-1 were generated
from d17001 and AdEasy-1 viruses, respectively, with
deleted E1 and E3 regions and the transgenes driven by
the CMV promoter (Satyamoorthy K, Li G, Vaidya B, Patel
D, Herlyn M, unpublished). The vectors were prepared,
purified, and titered to 1to 5 X 10'° plaque-forming units
(p.f.u)/ml.

Human skin grafts were injected intradermally with the
adenoviral vectors using a 26-gauge needle at a concen-
tration of 5 X 108 p.f.u. in a total volume of 100 ul sterile
phosphate-buffered saline (PBS). The needle was in-
serted 2 mm apart from the edge of the graft and directed
toward the center of the graft during injection. Generally,
100 wl were injected at one site into foreskin grafts and 50
wl were injected at two sites into trunk skin grafts, in which
the fluid penetration was usually slower. Injections were
performed once per week by the same person (CB).

Human Skin Grafting

Human foreskins from newborns and abdominal or breast
skin from adult donors, who underwent plastic surgery (Co-
operative Human Tissue Network, Philadelphia, PA), were
kept in sterile transport media (RPMI-1640 or Hanks’ bal-
anced salt solution supplemented with antibiotics) and
grafted within 48 hours of excision as described with mod-
ifications.® Female and male C.B-17 SCID mice were bred
at the Animal Facility of the Wistar Institute and housed
under pathogen-free conditions in groups of up to five an-
imals per isolator cage. At 6 to 10 weeks of age, a 1to 3 cm?
skin segment behind the shoulder of the animal was ex-
cised, leaving the panniculus carnosus muscle intact. The
wound was immediately covered with full-thickness human
skin that was held in place by the bandage alone or by 6-0
nonabsorbable polyviolene sutures. The bandage con-
sisted of nonadhesive Vaseline dressing, sterile sponges,
and surgical tape and was changed after 2 weeks. Grafts
were well healed after 4 to 6 weeks and used for the exper-
iments. The Wistar Institutional Animal Care and Use Com-
mittee approved all protocols.



Histology, Immunohistochemistry, and
Immunofluorescence

At the end of each experiment, mice were sacrificed by
CO, inhalation and skin grafts were excised. Half of the
grafts were fixed in 10% neutral-buffered formalin (Fisher
Scientific, Pittsburgh, PA) for 6 to 12 hours at room tem-
perature and embedded in paraffin. The other half was
dehydrated by increasing concentrations of sucrose so-
lutions (5%, 10%, and 20%) at 4°C overnight, embedded
in OCT medium (Miles, Elkhart, IN), snap-frozen and
stored at —70°C until cryosectioning at 6 to 8 um. For-
malin-fixed sections were stained with hematoxylin and
eosin (H&E) for histopathological evaluation. The DNA-
binding fluorochrome Hoechst 33258 (Sigma) was used
to distinguish human from murine cells.

Immunohistochemistry was performed on serial sec-
tions using an avidin-biotin-peroxidase system kit (Vector
Laboratories, Burlingame, CA) and 3,3’-diaminobenzi-
dine tetrahydrochloride (Sigma) or 3-amino-9-ethylcarba-
zole (Vector) as chromogens. Antigens in the formalin-
fixed tissues were retrieved by trypsin digestion at 37°C
or microwave heat treatment in citrate buffer. Cryostat
sections of 6 to 8 um were air-dried and fixed in ice-cold
acetone for 10 minutes. Before incubation with the pri-
mary antibodies in a humidified chamber at 4°C overnight
or at room temperature for 1 to 2 hours, nonspecific
binding was blocked with 10% normal horse or 10%
normal goat serum. Primary monoclonal antibodies used
in this study were: mouse anti-bFGF (bFGF-8, 19gG1);%°
mouse anti-human TRP-1/gp75 (clone TA99, 1gG2a; kind
gift from Dr. V. Setaluri, Winston-Salem, NC); mouse anti-
human Ki-67 (clone MIB-1, IgG1; Immunotech, West-
brook, ME); and mouse anti-human HMB45 (IgG1; Bio-
genex, San Ramon, CA). A mouse IgG1 isotype antibody
(P3) was used as negative control for each staining.
Between each incubation step, slides were rinsed twice
in PBS for 3 to 5 minutes. A biotin-labeled anti-mouse
secondary antibody was applied for 30 minutes at room
temperature followed by incubation with a preformed
avidin-biotinylated enzyme complex for 30 minutes. After
color development by addition of the chromogen and
counterstaining with Mayer’'s hematoxylin (Sigma), sec-
tions were mounted and evaluated under a light micro-
scope.

For immunofluorescence detection of the proliferation
marker Ki-67 or the melanoma/activated melanocyte
marker HMB-45, a biotin-labeled goat anti-mouse IgG1
secondary antibody (Jackson Immunoresearch, West
Grove, PA) was used followed by incubation with strepta-
vidin-conjugated Cy3 (Jackson Immunoresearch). For
immunofluorescence detection of the melanocyte-spe-
cific antigen TRP-1, a horse anti-mouse IgG2a secondary
antibody directly conjugated with fluorescein isothiocya-
nate (Jackson Immunoresearch) was used. Double-im-
munofluorescence staining was performed for Ki-67 (red)
and TRP-1 (green), and cells were counterstained with
Hoechst 33258 (blue).

Sections were scored in a blinded manner by counting
five fields (~1,000 epidermal basal cells) at X200 mag-
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nification in each of three randomly selected sections
using a fluorescence microscope (Leika, Wetzlar, Ger-
many). Cells stained for TRP-1 (green), for Ki-67 (red),
and for both TRP-1 and Ki-67 (yellow) were counted. All
data are expressed as mean = SD of the mean of obser-
vations. Individual groups were compared with Student’s
unpaired t-test. P < 0.05 was considered significant.

UV lrradiation

UV light was provided by two Westinghouse FS72T12/
UVB lamps (UV Resources International, Lakewood, OH)
with a peak output at 313 nm and a range of 280 to 370
nm. The light was filtered through cellulose triacetate
Kodacel TA 407 sheets (Eastman Kodak, Rochester, NY)
to exclude wavelengths <295 nm. The UV dose was
continuously monitored with a PMA 2100 radiometer (So-
lar Light, Philadelphia, PA) and ranged between 30 and
50 mJ/cm? for UVB and 0.1 and 0.2 J/cm? for UVA in the
in vivo experiments. During irradiation, mice were sepa-
rated from each other and allowed to move freely in the
cage. Irradiation was performed three times weekly for
~10 minutes each time throughout a period of 2 to 10
months.

Skin Reconstruction

Skin reconstructs were prepared essentially as de-
scribed with modifications.®2 Human fibroblasts (FF2441)
were added to neutralized bovine type | collagen (Orga-
nogenesis, Canton, MA) to a final concentration of 0.8 to
1 mg/ml of collagen in MEM (Biowhittaker, Walkersuville,
MA), 1.66 mmol/L L-glutamine (Life Technologies, Inc.),
10% FBS, and 0.21% sodium bicarbonate (Biowhittaker).
Three milliliters of fibroblast-containing collagen (2.5 X
10* cells/ml) were added to each insert of a 6-well tissue-
culture tray (Organogenesis) after precoating with 1 ml of
acellular collagen. Mixtures were allowed to constrict in
Dulbecco’s modified Eagle’s medium with 10% FBS for 5
to 7 days. The day before seeding, keratinocytes or me-
lanocytes were infected with bFGF/Ad5, and controls with
LacZ/Ad5 at 20 p.f.u./cell for 4 hours in protein-free, se-
rum-free medium and then incubated overnight in com-
plete serum-free medium. Keratinocytes were mixed with
melanocytes at a ratio of 5:1 or 2.5:1 in low-calcium
epidermal growth medium containing Dulbecco’s modi-
fied Eagle’s medium, F-12 Ham’s (Life Technologies,
Inc.), 1% newborn calf serum (Hyclone), 4 mmol/L glu-
tamine, 1.48 X 10~° mol/L hydrocortisone, 4 pmol/L pro-
gesterone, 20 pmol/L triiodothyronine, 0.1 mmol/L
O-phosphorylethanolamine, 0.18 mmol/L adenine (Sig-
ma), 5 mg/ml insulin, 5 mg/ml transferrin, 5 mmol/L eth-
anolamine, 5 g/ml selenium (Biowhittaker) and 50 ug/ml
gentamicin (Mediatech, Hemdon, VA). A total of 5to 6 X
10° cells was seeded on each contracted collagen gel.
Cultures were maintained submerged in low-calcium epi-
dermal growth medium for 2 days and in normal calcium
(1.88 mmol/L) epidermal growth medium for another 2
days, and then raised to the air-liquid interface for 10 to
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Table 1. Clinical and Histopathological Characteristics of Human Skin Grafted to SCID Mice and Injected with bFGF/Ad5*
Clinical Total Histological
Treatment Skin type and age  appearance* in Clinical appearance* bFGF/Ad5  Total UVB melanocytic
group of donor(years) weeks 1to 37 in weeks 4 to 67 injections* irradiations$ Biopsy" changes™

bFGF Breast (unknown)  Normal pink Normal pink 7 0 Month 7 Increase
Foreskin, neonatal Normal pink 1 Brown macule 6 0 Month 8 Hyperplasia
Foreskin, neonatal  70% black 70% black 4 0 Month 7 Hyperplasia
Abdomen (54) 1 Brown macule 1 Brown macule 2 0 Month 3 Hyperplasia

Foreskin, neonatal 1 Black spot — 2 0 Week 2 Increase

Abdomen (39) Normal pink — 1 0 Day 7 None
Foreskins, Normal pink — 1 0 Day 3 None
neonatal
(n=18)
bFGF + UVBS  Foreskin, neonatal  Black spots 6 Black macules 9 41 Month 3 Increase
and streaks

Foreskin, neonatal  Dark brown 70% dark brown/black 8 17 Month 10.5 Increase
Abdomen (52) 1 Black macule 5 Black macules 7 26 Month 2 Lentiginous

form of

melanoma
Abdomen (52) 1 Dark brown 4 Black spots 7 90 Months 5 and 7 Hyperplasia
macule

Foreskin, neonatal  Entirely black Entirely black 6 18 Months 1 and 2  Hyperplasia

Abdomen (39) 3 Black macules 4 Black macules 3 36 Months 3 and 6  Increase

*At the start of treatment all skin xenografts were pale to pink and showed no pigmented lesions.

TAfter beginning of treatment.
*Intradermally at 5 X 108 p.f.u. in 100 ul of sterile PBS once weekly.

SUVB irradiations were done three times weekly at a dose of 30 to 50 mJ/cm?.
TOther histological changes, such as increase in vessels, extracellular matrix, or stromal cells are not listed.

12 days with feeding from below with normal calcium
high-serum (20%) epidermal growth medium.

Results

bFGF Induces Pigmented Macules in Human Skin

Six human skin grafts were injected intradermally with
bFGF/AdS once weekly receiving up to seven treatments
(Table 1). In the third week, one abdominal skin graft
developed a brown macule (Figure 1A), one foreskin
graft showed a small black spot centrally (not shown),
and one foreskin graft turned from pink to an almost
complete black pigmentation (Figure 1B). Other bFGF/
Adb5-injected skin grafts showed no pigmentation
changes, although thickening of the skin was observed
(Figure 1C). Eight skin grafts injected with bFGF/Ad5
once only and evaluated 3 days later revealed no change
in pigmentation (not shown).

Another six human skin grafts were injected weekly with
bFGF/Ad5 and irradiated with UVB (Table 1). Pigmented
lesions were detected in all grafts in the third week of
treatment. Adult abdominal skin developed black or brown
macules, which increased in size and number with further
injections (Figure 1; D, E, |, J, and K), whereas foreskins
tended to become entirely black (Figure 1M). All pigment
changes gradually disappeared 1 to 2 months after discon-
tinuation of bFGF/Ad5 injections and despite continuation of
UVB irradiations (Figure 1, F and N). Control skin grafts
injected with adenoviral vectors for LacZ and irradiated with
UVB did not develop pigmented lesions during the obser-
vation period of 3 weeks to 8 months (Figure 1, Land O, and
Table 2). Control skin grafts of the same donors UVB-irra-
diated only (Figure 1G) also showed no changes except for

some tanning as expected and previously reported.® Over-
expression of other growth factors such as HGF, insulin-like
growth factor-1, and platelet-derived growth factor-A had
no detectable effect on the pigment cell system of the skin
grafts (Table 2).

Overall, bFGF alone induced pigmented lesions in
50% of the grafts, whereas the combination of bFGF and
UVB led to pigmented lesions in 100% of the cases.

bFGF Induces Dermal Thickening and
Angiogenesis

Thickening of the skin after two or more bFGF/Ad5 injec-
tions was observed in the foreskin grafts and remained
even after discontinuation of injections (Figure 1, C and
N). Three of six foreskin grafts became hypervascular
after 1 to 2 weeks of treatment, which was noticed by
easy bleeding during subsequent injections.

Intradermal Injection of bFGF/Ad5 Induces
bFGF Expression in Fibroblasts

Immunohistochemical detection of bFGF protein to as-
sess the transduction efficiency of the intradermal bFGF/
Ad5 injections indicated abundant expression of bFGF in
fibroblasts in the upper dermis (Figure 2, A and B). Gen-
erally, no bFGF expression was detected in the epidermis
except for one confined area in one section where single
keratinocytes showed strong bFGF expression. This area
was hyperplastic and parakeratotic and appeared to be
the entrance site of the injection needle through the epi-
dermis (not shown). Controls showed no or only weak
bFGF expression (Figure 2C).
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Figure 1. A-O: Photographs of human skins grafted to SCID mice and injected intradermally with 100 ul of bFGF/Ad5 or LacZ/Ad5 in PBS once per week. Where
stated, grafts were additionally irradiated with 30 to 50 mJ/cm? UVB three times weekly. The total number of irradiations is given for each presented example.
A: Adult abdominal skin graft 3 weeks after the last of two injections of bFGF/Ad5 (no UVB irradiation), showing a brown macule (arrow). B: Neonatal foreskin
graft after three injections of bFGF/Ad5 (no UVB irradiation; week 4). Note the black hyperpigmentation. C: Neonatal foreskin graft after six injections of
bFGF/Ad5 (no UVB irradiation; week 6). Note the graft thickness and lack of pigmented lesions. D—F: Adult abdominal skin graft after two injections of bFGF/Ad5
and seven UVB irradiations (week 3) (D), after seven injections of bFGF/Ad5 and 40 UVB irradiations (month 5) (E), and after seven injections of bFGF/Ad5 and
90 UVB irradiations (month 7) (F). Note the development of black macules (arrows) during the treatment and their disappearance after the discontinuation of
bFGF/Ad5 injections. G: Control adult abdominal skin graft from the same donor as in A—C after 90 UVB irradiations (month 7). H-K: Adult abdominal skin graft
before treatment (H), after two injections of bFGF/Ad5 and six UVB irradiations (week 3) (ID, after three injections of bFGF/Ad5 and eight UVB irradiations (week
4) (J), and after four injections of bFGF/Ad5 and 10 UVB irradiations (week 5) (K). Note the development of black macules (arrows) during the treatment. Lz
Control adult abdominal skin graft from the same donor as in H-K after three injections of LacZ/Ad5 and eight UVB irradiations (week 4). M and N: Neonatal
foreskin graft after two injections of bFGF/Ad5 and seven UVB irradiations (week 2) (M), and 3 months after the last of eight injections of bFGF/Ad5 and after
65 UVB irradiations (month 5) (N). Note the prominent thickness of the graft and black hyperpigmentation of the skin during the injection treatment. O: Control
neonatal foreskin graft after three injections of LacZ/Ad5 and eight UVB irradiations (week 4). Scale bars, 1 cm.
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Table 2. Clinical and Histopathological Characteristics of Human Skin Grafted to SCID Mice and Injected with Different
Adenoviral Vectors*

Treatment group Skin type Clinical Histological
and number of of donors’ Total Total UVB appearance melanocytic
skin grafts (n) (number of grafts) injections* irradiations* until biopsy Biopsy® changes?

LacZ (20) Foreskin (15) 1-2 0 Normal pink Day 3-Month 5 N/D
Foreskin (2) 6,7 45, 16 Tan Months 4.5, 2 N/D, increase
Abdomen (2) 6,7 108, 16 Tan Months 12, 2 N/D
Breast (1) 1 0 Normal pink  Week 3 N/D
PDGF-1 (8) Foreskin (3) 1 0 Pink Day 3 N/D
Breast (3) 9, 10, 10 27, 89, 89 Tan Months 3, 13, 15 N/D
Face (1) 9 58 Tan Month 12 N/D
HGF (10) Foreskin (6) 1 0 Normal pink Day 3 N/D
Foreskin (2) 5,10 27,119 Tan Months 2, 10.5 N/D
Abdomen (1) 11 109 Tan Month 9 N/D
Breast (1) 4 91 Tan Month 13 N/D
IGF-1 (8) Foreskin (4) 1 0 Normal pink Day 3 N/D
Foreskin (4) 11, 12,12, 12 75, 82, 83, 103 Tan Months 9, 8, 14, 14 N/D

*Intradermally at 5 X 108 p.f.u. in 100 wl of sterile PBS once weekly.

TForeskins were from newborns; all other skin specimens were from adult donors.

+UVB irradiations were done three times weekly at a dose of 30 to 50 mJ/cm?.

SAfter beginning of treatment.

T0ther histological changes, such as acanthosis of the epidermis, increase in vessels, extracellular matrix, or stromal cells are not listed.
N/D = Not detectable.

bFGF Induces Proliferation of Endothelial Cells bFGF Induces Pathological Hyperpigmentation
and Fibroblasts and Proliferation of Activated Melanocytes
Capillaries and small vessels were markedly increased in A strong increase in pigment in the epidermis was noted
the dermis of some of the bFGF/Ad5-injected foreskin grafts in the bFGF/Ad5-injected skin grafts (Figure 2, E and F).
(Figure 2D). The clinically observed thickening of the skin Accumulation of black pigment in confined areas of the
during the treatment was reflected by an increase in extra- epidermis (Figure 2F) correlated macroscopically with
cellular matrix and fibroblasts in the dermis (Figure 2E). black macules. In other sections, hyperpigmentation was

mJ/cm? UVB three times weekly. A—C: Immunohistochemical detection of bFGF protein (in red) in a foreskin graft after six injections of bFGF/Ad5 and 18 UVB
irradiations (week 7), showing positively stained fibroblasts in the upper dermis (A and B, scale bars, 100 wm), and in a control abdominal skin graft after six
injections of ZLacZ/Ad5 and 15 UVB irradiations (week 6) (C, scale bar, 100 wm). D-F: H&E staining of a foreskin graft 6 months after the last of four injections
of bFGF/Ad5, showing high number of vessels in the dermis (arrows) (D, scale bar, 50 um), of a foreskin graft after six injections of bFGF/Ad5 and 18 UVB
irradiations (week 7), showing pathological hyperpigmentation of the entire epidermis and hypercellularity of the thickened dermis (E, scale bar, 200 um), and
of an abdominal skin graft after seven injections of bFGF/Ad5 and 26 UVB irradiations (week 9), showing localized black hyperpigmentation in the epidermis
(F, scale bar, 50 wm).
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Figure 3. Immunofluorescence staining of sections of human abdominal skin xenografts injected intradermally with bFGF/Ad5 in PBS once per week and
irradiated with 30 to 50 mJ/cm? UVB three times weekly. Control xenografts were injected with ZacZ/Ad5 and irradiated with UVB following the same protocol.
A: Melanocyte-specific marker TRP-1 (green). Note the high number of dendritic melanocytes along the basement membrane of the epidermis. Scale bar, 100 wm.
B and C: TRP-1 (green) and the nuclear proliferation marker Ki-67 (red). Scale bars, 50 and 100 um, respectively. Cells stained for both markers appear yellow
and represent proliferating melanocytes (arrowheads). Note the incipient nest formation by melanocytes (arrow). Scale bar, 100 wm. D: Control skin graft
stained for TRP-1 (green) and Ki-67 (red). Scale bar, 100 wm. E: HMB-45 (red). Note the high number of positively stained melanocytes. Scale bar, 70 um. F:
Control graft stained for HMB-45 (red). A few single melanocytes in the LacZ/Ad5-injected control graft also stain red-positive. Scale bar, 50 um.

present throughout the human epidermis (Figure 2E).
Pigment-laden melanophages in the subepidermis were
commonly seen and remained present after the epider-
mal hyperpigmentation had disappeared weeks after dis-
continuation of the bFGF/Ad5 injections (data not shown).

In the bFGF/Ad5-treated skin grafts, there was a strik-
ing increase in the number of melanocytes in the epider-
mis, as confirmed by immunofluorescence staining for
TRP-1. The melanocytes showed prominent dendricity
and were located close to each other along the basement
membrane of the epidermis (Figure 3, A and B); in some

areas, incipient cluster formation was noted (Figure 3C).
Proliferating melanocytes were identified by dual staining
for TRP-1 and Ki-67 (Figure 3, B and C). The increased
number of melanocytes and proliferating melanocytes
compared to controls was also demonstrated by count-
ing the TRP-1 and/or Ki-67 positively stained cells in
randomly chosen fields of different histological sections.
There were significantly more proliferating melanocytes
in the bFGF/Ad5-treated skin grafts compared to the
controls (P < 0.006) with up to 10 cells per counting field
in contrast to 0 to 1 cell in the controls (Figure 4). The
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8 - bFGF

Controls

Cell Count (n/field +/- SD)

T

"

n=2 n=5 n=3

3 4 5 6
Graft No.

Figure 4. Quantitation of proliferating melanocytes (TRP-1+Ki-67) in the
epidermis of human skin grafts. Melanocytes were immunostained for TRP-1
and detected with fluorescent green (fluorescein isothiocyanate). Proliferat-
ing cells were immunostained for Ki-67 and detected with fluorescent red
(Cy3). The numbers (mean + SD) are the positively stained cells for TRP-1
and Ki-67 per 1-mm length of epidermis, respectively, in five randomly
chosen fields at X200 magnification (~1000 epidermal basal cells). Grafts
were analyzed at different treatment time points ranging from 2 weeks to 6.5
months. bFGF, treated with bFGF/AdS injections once weekly. Grafts 1 to 6:
week 1, week 2, month 3, month 7, month 7, and month 8 after one, two,
two, seven, four, and six injections, respectively, once weekly. Controls: 7 =
2, average of two grafts treated with ZacZ/Ad5 injections; n = 5, average of
five grafts treated with UVB irradiations; and 7 = 3, average of three grafts
treated with LacZ/Ad5 injections and UVB irradiations.

number of melanocytes varied considerably among the
different skin grafts ranging from 20 per counting field in
both groups to 90 in the bFGF group only.

Activation of the melanocytes in the bFGF/Ad5-in-
jected skin grafts was documented by a strong positive
staining for HMB-45 (Figure 3E). Skin grafts injected with
control adenoviral vectors and/or irradiated with UVB
were negative for HMB-45 (not shown) or showed only
single positive cells when injected with LacZ/Ad5 and
irradiated with UVB (Figure 3F).

bFGF Induces Melanocyte Hyperplasia and, in
Combination with UVB, Lentiginous Melanoma

In sections of the bFGF/Ad5-treated skin grafts, melano-
cytes displayed a hyperplastic morphology that was still
present months after the last treatment (Figure 5A). Hy-
perplasia with additional atypia was detected in one
bFGF/AdS-treated abdominal skin graft that concomi-
tantly had been irradiated with UVB for 2 months. In this
pathologically pigmented lesion, the hyperplastic, high-
grade atypical melanocytic cells were distributed in a
lentiginous growth pattern resembling lentiginous forms
of malignant melanoma in humans (Figure 5; B, C, and E).
Control grafts from the same donor, either not treated or
UVB-irradiated only showed no melanocytic abnormali-
ties (Figure 5F).

bFGF Overexpression in Skin Reconstructs
Induces Hyperpigmentation and Fibroblast
Proliferation

Like the pigmentation changes observed in the human
skin in vivo, increased pigmentation was observed in
human skin reconstructs in vitro after overexpression of
bFGF in keratinocytes (Figure 6, top). Compared to LacZ
controls, pigmentation of the epidermis was stronger
and, as expected, darkest in reconstructs with the high-
est number of initially seeded melanocytes (ratio 1:2.5).
The same pigmentation difference was seen when mela-
nocytes were transduced with bFGF/Ad5 (Figure 6, bot-
tom). Clusters of black pigment were observed histolog-
ically in the epidermis and on top of the keratin layer. The
number of dermal fibroblasts was strikingly increased,
demonstrating a paracrine mitogenic effect by the bFGF
overexpression.
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Figure 5. H&E-stained sections of human skin xenografts injected intradermally with bFGF/AdS once per week and/or irradiated with 30 to 50 mJ/cm? UVB three
times weekly. A: Foreskin graft 7 months after six injections of bFGF/Ad5 (no UVB irradiation). Note the hyperplastic melanocytes along the rete ridges (arrows).
Scale bar, 50 wm. B-E: Lentiginous form of malignant melanoma in an abdominal skin graft after seven injections of bFGF/Ad5 and 26 UVB irradiations (week
9). Note the hyperplastic atypical melanocytic cells (arrows) in the epidermis in a dense lentiginous growth pattern, and the pathological pigmentation (C and
E). Scale bars, 50 and 25 um. F: Abdominal skin graft from the same donor as in B-E without bFGF/Ad5 injections, but with 114 UVB irradiations throughout

9 months. Scale bar, 40 pwm.
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Figure 6.Top: Human skin reconstructs with bFGF/Ad5- or LacZ/Ad5-
transduced keratinocytes mixed with normal melanocytes at a ratio of 5:1 and
2.5:1. Pigmentation is stronger in the bFGF reconstructs. The histopatholog-
ical findings were the same as presented at the bottom. Bottom: H&E-
stained sections of formalin-fixed, paraffin-embedded human skin recon-
structs with bFGF/Ad5-transduced melanocytes versus controls mixed with
normal keratinocytes at a ratio of 1:2. Note the black pigment clusters in and
on top of the epidermis as well as the increased number of fibroblasts in the
dermis. Original magnification, X200.

Discussion

The present study demonstrates clinically and histologi-
cally the mitogenic effects of bFGF on melanocytes, fi-
broblasts, and endothelial cells in human skin in vivo and
in human skin reconstructs in vitro. The observed hyper-
pigmentation in the skin grafts supports in vitro observa-
tions that bFGF can induce melanogenesis, although it is
not known as a major melanogenic factor such as a-me-
lanocyte-stimulating hormone.®3** The more widespread
hyperpigmentation in the foreskin grafts as opposed to
the more confined black macule formation in the trunk
skin grafts might have been because of a more wide-
spread penetration of the injected fluid in foreskin tissue
than in the more compact trunk skin tissue. The hyper-
plasia of melanocytes after bFGF treatment suggests an
activated stage of melanocytes superior to mere prolifer-
ation, but inferior to malignant transformation, which par-
allels the in vitro bFGF transduction studies of murine and
human cells where melanocytes displayed a transformed
phenotype but no malignancy.?”*° The requirement for
additional cooperating factors that confer a malignant
phenotype to melanocytes has been suggested.®® We
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focused on UV light as an additional melanocyte-stimu-
lating factor, because it has been associated with mela-
noma development, although its carcinogenic effects on
melanocytes in humans have remained only specula-
tive.3® Histopathological analysis suggested that the
combination of bFGF overexpression in the skin and UVB
irradiation in our model led to melanocyte transformation
in vivo and a consequent lentiginous form of malignant
melanoma. Experimental induction of human melanoma
by UVB has already once been reported before, how-
ever, only in combination with topical treatment of the
chemical carcinogen 7,12-dimethyl(a)benzanthracene,
which is not found in the natural environment.° The
present study suggests that 1) melanoma can be in-
duced by naturally occurring factors in the immediate
micro- and macroenvironment of epidermal melanocytes,
specifically by bFGF and UVB light; 2) although each
factor alone can activate melanocytes, both are needed
to induce malignant transformation; and 3) factors bene-
ficial or necessary for melanocyte proliferation and sur-
vival can become carcinogenic when released in over-
dose. An acute overdose of UV light is clinically reflected
by sunburn that is a clearly documented risk factor for
melanoma development.®”3® However, the conditions in
vivo that can lead to an imbalance and/or overdose of
growth factor production with an activating potential on
melanocytes remain to be elucidated. Numerous stress-
inducing factors in addition to UV light, such as external
heat, shock, local trauma, or inflammatory diseases can
induce local overproduction of cytokines and growth fac-
tors. Recently, it has been demonstrated that bFGF ex-
pression is significantly increased in rat skin during
wound healing after burning.®® On the other hand, there
are no epidemiological data showing that certain inflam-
matory diseases or trauma are risk factors for melanoma
development. It is not known how genetic factors predis-
pose to exogenous influences by growth factors and UV
light, apart from the known increased risk in DNA dam-
age repair enzyme-deficient patients.

The observed effects on the melanocytes in the human
epidermis in this study are all consistent with the known
effects of bFGF on melanocytes in vitro and may have
been mediated via paracrine secretion of bFGF by the
adenoviral vector-transduced fibroblasts in the dermis.
However, the bFGF protein lacks a hydrophobic secre-
tory signal sequence and only a few cell types including
melanoma cells have been shown to secrete it, presum-
ably via a pathway independent of the endoplasmic re-
ticulum-Golgi complex.3>4%4" pbFGF can be concen-
trated intracellularly and can be biologically active
without secretion. Hence, it is also possible, that the
strong activating effects on the melanocytes in the epi-
dermis were not directly mediated by bFGF but by other
secondarily induced factors, for example, HGF, SCF,
a-melanocyte-stimulating hormone, endothelin-1, or en-
dothelin-3. Human dermal fibroblasts are known to pro-
duce HGF, SCF, and bFGF and have been suggested to
play a role in regulating cutaneous pigmentation during
inflammation and aging.*® This suggestion is supported
by the observation that two primary mediators of inflam-
mation and injury, IL-1a and tumor necrosis factor-a, can
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stimulate HGF and SCF secretion by fibroblasts. HGF
production can also be induced by epidermal growth
factor, platelet-derived growth factor, and bFGF, illustrat-
ing the complex network of growth factors mediating
cell-cell and cell-stroma interactions.*® The importance of
epidermal-dermal interactions mediated by diffusible fac-
tors for tissue regeneration and maintenance of ho-
meostasis of rapidly renewing epithelia was recently sug-
gested by Maas-Szabowski and colleagues,** who
demonstrated a double-paracrine pathway between fi-
broblasts and keratinocytes, ie, the induction of keratin-
ocyte growth factor in the fibroblasts by IL-1 secretion by
the keratinocytes. We show here that an imbalance of
these paracrine-mediated mesenchymal-epithelial inter-
actions may be also important in early steps of melanoma
development. However, we cannot exclude that other
major factors for melanoma development were missing in
this model, because melanocyte transformation was only
observed in one of four skin grafts treated with a similar
regimen, ie, at least 7 weeks of bFGF overexpression and
2 months of UVB irradiation. Two of these skin grafts were
even from the same donor indicating the relative rarity of
melanocyte transformation in vivo independent from the
individual genetic predisposition.

In light of this functional paracrine communication be-
tween cells of the epidermis and dermis, our human skin
in vivo model demonstrates also that adenoviral gene
transduction of cells in the dermis can efficiently and
transiently target cells in the epidermis and vice versa, as
shown in the reconstruct experiments. This strategy can
be considered in the field of cutaneous gene therapy, eg,
for wound healing. Although adenoviral gene transduc-
tion of cells in the dermis can direct local, highly efficient
expression of the protein of interest, injections of re-
combinant proteins immediately into the tissues are of-
ten ineffective because of rapid degradation and short
half-lives.

In conclusion, the experimental induction of a mela-
noma lesion in human skin in vivo by overexpression of
bFGF in the dermis and concomitant UVB irradiation
throughout 2 months strongly suggests the importance of
local growth factor production and UVB light in the patho-
genesis of malignant melanoma.
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