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Melanosome Transfer Promoted by Keratinocyte
Growth Factor in Light and Dark Skin-Derived
Keratinocytes
Giorgia Cardinali1, Giulia Bolasco1,2, Nicaela Aspite1, Giuseppe Lucania2, Lavinia V. Lotti2,
Maria R. Torrisi1,2,3 and Mauro Picardo1
The transfer of melanin from melanocytes to keratinocytes is upregulated by UV radiation and modulated by
autocrine and paracrine factors. Among them, the keratinocyte growth factor (KGF/FGF7) promotes
melanosome transfer acting on the recipient keratinocytes through stimulation of the phagocytic process. To
search for possible differences in the melanosome uptake of keratinocytes from different skin color, we
analyzed the uptake kinetics and distribution pattern of fluorescent latex beads in primary cultures of light and
dark skin-derived keratinocytes stimulated with KGF and we compared the direct effect of KGF on the
melanosome transfer in co-cultures of human primary melanocytes with light and dark keratinocytes. KGFpromoted melanosome transfer was more significant in light keratinocytes compared to dark, due to an
increased expression of KGF receptor in light skin keratinocytes. Colocalization studies performed by confocal
microscopy using FITC-dextran as a phagocytic marker and fluorescent beads as well as inhibition of particle
uptake by cytochalasin D, revealed that beads internalization induced by KGF occurs via actin-dependent
phagocytosis. 3D image reconstruction by fluorescence microscopy and ultrastructural analysis through
transmission electron microscopy showed differences in the distribution pattern of the beads in light and dark
keratinocytes, consistent with the different melanosome distribution in human skin.
Journal of Investigative Dermatology (2008) 128, 558–567; doi:10.1038/sj.jid.5701063; published online 20 September 2007

INTRODUCTION
Skin pigmentation and photoprotection are determined by the
amount and the type of melanin synthesized by the
melanocytes in specialized membrane-bound organelles
termed melanosomes that are transferred to the neighboring
keratinocytes. Once transferred to the keratinocytes, melanosomes are transported toward the nucleus forming a cap to
protect DNA against UV damage (Boissy, 2003; Imokawa,
2004). Different models of melanosome transfer to keratinocytes have been proposed (Jimbow and Sugiyama, 1998;
Boissy 2003; Van Den Bossche et al., 2006), most of them
involving phagocytosis of the melanin by keratinocytes. To
support these models, several studies analyzed the epidermal
keratinocytes phagocytic ability in vitro through internalization
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of latex beads microspheres (Wolff and Konrad, 1972;
Virador et al., 2002; Desjardins and Griffiths, 2003).
It is well known that racial differences in skin pigmentation are not due to the number of melanocytes, but they
depend both on the amount and the type of melanin and also
on the differences in size, number, and distribution pattern of
melanosomes within keratinocytes (Alaluf et al., 2003; Thong
et al., 2003; Babiarz-Magee et al., 2004). In fact, it has been
well documented that, in dark skin, melanosomes are larger
and distributed individually throughout the cytoplasm,
whereas in light skin melanosomes are smaller in size and
distributed as membrane-bound clusters accumulated in the
perinuclear area. The distribution pattern of melanosomes
plays an important role not only in determining the color of
the skin, but also in photoprotection (Kollias et al., 1991). The
mechanisms that control the melanosome distribution are not
completely understood. Experiments using co-cultures of
mixed melanocytes and keratinocytes from light and dark
skin to elucidate whether the melanosome distribution
correlates with the different cell donor type indicated that
recipient keratinocytes determine the distribution pattern of
melanosomes (Minwalla et al., 2001).
The process of melanogenesis and melanosome
transfer from melanocytes to keratinocytes are induced by
UVR and modulated by autocrine and paracrine factors
(Imokawa, 2004). UVB irradiation of melanocytes stimulates
pigmentation upregulating melanogenic enzymes and
& 2007 The Society for Investigative Dermatology
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increasing melanocyte dendricity and melanosome transfer
to keratinocytes. It has been demonstrated, in keratinocyte–
melanocyte co-cultures that UVB induces melanosome
transfer, increasing the phagocytic activity of keratinocytes
by upregulating the expression and activation of the
proteinase-activated receptor-2 (PAR-2) (Seiberg et al.,
2000a; Sharlow et al., 2000). Other studies revealed that
the inhibition of PAR-2 prevents UVB-induced pigmentation
in vivo and melanosome transfer in vitro (Seiberg et al.,
2000b; Paine et al., 2001). In addition, it has been observed
that the increased expression of PAR-2 in human skin and
cultured keratinocytes after UVR is delayed in type I skin
compared to type II and type III skin individuals suggesting a
mechanism for differences in tanning in subjects with
different skin color (Scott et al., 2001). Furthermore, PAR-2
is differentially expressed in skin of different color: keratinocytes from dark skin show higher levels of PAR-2 expression
and activation compared to light skin (Babiarz-Magee et al.,
2004). It has also been observed that in dark keratinocytes
with respect to light keratinocytes, the phagocytosis stimulated by PAR-2 activation resulted in an higher ingestion
capacity of latex beads, more compacted around the nucleus
(Babiarz-Magee et al., 2004). All these studies suggest a
crucial role for PAR-2 in inducing melanosome phagocytosis
and in determining skin color phenotypes.
Exposure to UVB is able to trigger activation and
internalization of the receptor for the keratinocyte growth
factor (KGF/FGF7) (Marchese et al., 2003; Belleudi et al.,
2006), which is a member of the fibroblast growth factor
(FGF) family and represents a key mediator of epithelial
growth and differentiation. Secreted from dermal fibroblasts,
KGF elicits its activity specifically on epithelial cells (Finch
et al., 1989; Rubin et al., 1989) through binding to the
keratinocyte growth factor receptor (KGFR), a splicing
transcript variant of the fibroblast growth factor receptor 2
(FGFR2) (Miki et al., 1991, 1992). On cultured human
keratinocytes, KGF acts as a potent mitogen, promotes
their early differentiation (Marchese et al., 1990), and inhibits
their terminal differentiation and apoptosis (Hines and
Allen-Hoffman, 1996). In vivo, KGF plays a role in experimental and human wound healing (Werner et al., 1992;
Marchese et al., 1995).
We have recently demonstrated that KGF, like UVB
radiation, is able to induce melanosome transfer acting
on recipient keratinocytes through the promotion of the
phagocytic process and that KGF effect is directly mediated
by KGFR expression and activation (Cardinali et al., 2005).
In addition, we analyzed the KGF effects on keratinocytes derived from different skin color and we observed
that KGF treatment increased the uptake of fluorescent
latex beads in both light and dark keratinocytes. Because
of the differences in the phagocytic activity and melanosome distribution between light and dark keratinocytes
(Minwalla et al., 2001; Babiarz-Magee et al., 2004),
the aim of our study was to analyze the melanosome
transfer in response to KGF in primary co-cultures of
melanocytes and keratinocytes derived from light and dark
skin individuals.

RESULTS
KGF effect on the uptake and distribution patterns of latex
beads in keratinocytes from light and dark skin

In a previous study from our group (Cardinali et al., 2005), we
have observed a comparable response to the KGF treatment
in light and dark keratinocytes with an increase in the uptake
of the fluorescent latex beads. Since a different phagocytic
activity for keratinocytes from light and dark skin has already
been described (Babiarz-Magee et al., 2004), we decided to
analyze in more detail the effect of KGF on the uptake
kinetics and distribution pattern of the beads.
To evaluate the modulation of keratinocyte phagocytic
activity induced by KGF, we performed immunofluorescence
analysis using inert latex beads (red) of 0.5 mm in diameter
corresponding to melanosome size. First, we performed a
time course analysis (1, 2, 4, and 6 hours) to evaluate the
uptake kinetics of fluorescent latex beads on light and dark
keratinocytes (light normal human keratinocytes (NHKs) and
dark NHKs) incubated with the beads in the presence or
absence of KGF (20 ng/ml). As shown in Figure 1, fluorescence analysis showed that KGF induced, in both light and
dark keratinocytes, an increase in beads uptake (i–l, m–p),
compared to untreated cells (a–d and e–h), at each time point
analyzed. Moreover, a deeper analysis highlighted a different
distribution pattern of the internalized beads in light and dark
keratinocytes (Figure 1a–p). In fact, at 4 and 6 hours time
points, in light keratinocytes both untreated and treated with
KGF, beads appear clustered in the perinuclear area (Figure
1d and l), whereas in the dark keratinocytes, at the same time
points, the beads were scattered throughout the cytoplasm
(Figure 1h and p).
Several in vitro studies demonstrated differences in the
distribution pattern of melanosomes and latex beads in
keratinocytes derived from light and dark skin (Minwalla
et al., 2001; Thong et al. 2003; Babiarz-Magee et al., 2004).
To elucidate these differences better, we performed immunofluorescence analysis on light and dark keratinocytes
incubated for 4 and 6 hours with 0.5 mm beads in the
presence or absence of KGF, using optical sections fluorescence microscopy. As shown in Figure 2a–h, the 3D images
revealed a different intracellular arrangement of latex beads
in keratinocytes from light and dark skin. In fact, clusters of
the beads localized near the nucleus appeared clearly
evident in light keratinocytes treated with KGF (Figure 2b
and d arrows), although they were also present in untreated
ones (Figure 2a and c, arrows). In contrast, in dark
keratinocytes, the internalized beads were individually
distributed and scattered in the cells, near the perinuclear
area without significant differences between untreated or
KGF-treated cells (Figure 2e–h). These findings were then
supported by time-lapse videomicroscopy, which revealed
that beads ingested by light keratinocytes progressively
cluster in the perinuclear area, whereas in dark keratinocytes
they remain individually dispersed (Figure 2i and j).
To analyze the beads intracellular localization at
ultrastructural level, we performed the conventional thinsection electron microscopy on light and dark keratinocytes
incubated with 0.5 mm beads for 6 hours. Ultrastructural
www.jidonline.org
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Figure 1. Kinetic of 0.5 lm beads internalization promoted by KGF in keratinocytes derived from light and dark individuals. (a–p) Immunofluorescence
analysis of NHKs from light (a–d, i–l) and dark skin (e–h, m–p) incubated with 0.5 mm fluorescent microspheres (red) in the presence or absence of keratinocyte
growth factor (KGF) treatment (20 ng/ml). In light NHKs treated with KGF (i–l), an increase in the number of internalized beads compared to untreated cells
(a–d) is evident after 2, 4, and 6 hours of incubation. Moreover at 4 and 6 hours time points (c, d, k, l), the beads appear clustered around the nucleus.
In dark NHKs (m–p), at the different time points of incubation, the number of internalized beads induced by KGF has increased compared to untreated cells
(i–l). After 4 and 6 hours of incubation in the presence or absence of KGF (g, h, o, p), the beads appear scattered near the perinuclear area. Nuclei are stained
with 40 ,6-diamido-2-phenylindole. Bar ¼ 10 mm.

examination of light keratinocytes revealed the presence of
clustered beads distributed around the nucleus (Figure 3a)
and contained inside vacuoles that often appear to fuse with
each other generating large membrane-bound structures
containing more than one bead (Figure 3b–d, arrows). In contrast,
dark keratinocytes showed the presence of beads individually
engulfed in vacuoles, which appeared scattered throughout
the cytoplasm (Figure 3e–h). This latex beads distribution is in
agreement with the well-known patterns of melanosome
distribution (Minwalla et al., 2001; Thong et al., 2003).
To elucidate the nature of the vacuoles containing the
internalized beads, we performed immunofluorescence
staining using FITC-dextran as a marker of phagosomal
compartments. Light and dark keratinocytes were treated
with FITC-dextran (1 mg/ml culture medium) in the presence
or absence of KGF (20 ng/ml) and incubated with 0.5 mm
beads for 1, 4, and 6 hours. As shown in Figure 4, confocal
analysis revealed yellow dots of colocalization of the two
signals (FITC-dextran, green; beads, red) located beneath the
cell surface at early time points (Figure 4a and b; g and h,
560
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arrows) and intracellularly at later time points (Figure 4c–f; i–l,
arrows) in both light and dark keratinocytes. These results
demonstrated that internalized beads localize in phagosomal
compartments during non-induced and KGF-induced phagocytosis. Moreover, quantitative analysis of the fluorescence
intensity resulting from the intracellular FITC-dextran signal
showed an increased uptake of dextran induced by KGF
treatment more evident in light keratinocytes compared to
dark keratinocytes (Figure 4m;) (light NHKs: Po0.0001 at
1 hour; Po0.05 at 4 hours; Po0.0001 at 6 hours; dark NHKs:
Po0.001 at 1 hour; Po0.01 at 4 hours; Po0.05 at 6 hours).
Furthermore, to assess whether the beads uptake induced
by KGF would involve actin assembly in the phagocytic cup
beneath the plasma membrane as occurring during the
phagocytic process, we investigated the possibility to affect
the normal actin polymerization using cytochalasin D,
a biochemical inhibitor of phagocytosis (DeFife et al.,
1999). Light and dark keratinocytes were incubated with
0.5 mm beads in the presence or absence of cytochalasin D
(2.5 mM) for 2 and 6 hours. The quantitative analysis obtained
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Figure 2. Patterns of distribution of latex beads in light and dark keratinocytes. Immunofluorescence analysis of light and dark keratinocytes incubated
with 0.5 mm fluorescent microspheres in the presence or absence of KGF (20 ng/ml). At least 10 sections (0.7 mm) per each cell were obtained and a selection of
three out of the total number of sections is shown as a gallery. (a–h) 3D reconstruction of the multiple optical sections is also shown. 3D images reveal a different
intracellular arrangement of latex beads in keratinocytes from light and dark skin. At 4 and 6 hours time points, in NHKs from light skin (a–d), beads appear
clustered in groups of 2–4 predominantly localized around the nucleus, whereas in NHKs from dark skin (e–h), the beads are individually distributed near
the perinuclear area. Nuclei are stained with 40 ,6-diamido-2-phenylindole. Bar ¼ 5 mm. Panels (i) and (j) indicate uptake and distribution pattern of beads in
light and dark NHKs observed by time lapse video-microscopy carried out for 6 hours acquiring sequential video images at 30 minute intervals with an
exposure period of 2000 milliseconds. Time-lapse sequences show the different beads distribution in light and dark keratinocytes. In (i), browsing the
image sequence from left to right, in light NHKs beads appear to cluster near the nucleus after internalization, whereas (j) shows that in dark NHKs the beads
are scattered throughout the cytoplasm and individually distributed during sequence. Bar ¼ 5 mm.

counting the number of internalized beads/cell in light and dark
keratinocytes confirmed that cytochalasin D induced a significant decrease in the beads uptake suggesting an important
role for actin in the process of beads internalization by
keratinocytes from both light and dark skin (Figure 4n; light
NHKs: Po0.01 at 2.6 hours; dark NHKs: Po0.01 at 2.6 hours).
Analysis of melanosome transfer in co-cultures of primary
melanocytes with light and dark keratinocytes

The process of melanosome transfer from melanocytes to
keratinocytes has been widely analyzed using co-cultures

models of the two cell types (Seiberg et al., 2000a; Duval
et al., 2001; Scott, 2002; Boissy, 2003). In a previous study
(Cardinali et al., 2005) we demonstrated that KGF treatment
induced an increase in melanosome transfer to keratinocytes
using primary co-cultures of human keratinocytes with melanocytes. To investigate whether KGF could modulate melanosome
transfer differently in light and dark keratinocytes, we used eight
primary co-cultures of human primary melanocytes from the
same donor with keratinocytes derived from four light and four
dark skin individuals. To evaluate the melanosome transfer,
we performed a double immunofluorescence staining using
www.jidonline.org
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whereas in co-cultures treated with KGF (20 ng/ml for
6 hours) the fluorescence spots became clearly visible also
in the cytoplasm of keratinocytes surrounding the melanocytes, revealing the increase of transferred melanosomes in
keratinocytes (Figure 5c and d). To confirm the role of KGFR
activation in promoting phagocytosis (Cardinali et al., 2005),
we treated light or dark keratinocyte co-cultures with the
specific tyrosine kinase FGFR inhibitor SU5402 (30 mM for
6 hours) in the presence or absence of KGF (20 ng/ml). The
tyrosine kinase inhibitor appeared to decrease the melanosome transfer induced by KGF probably interfering with
keratinocyte phagocytic ability (Figure 5e and f). Treatment
with SU5402 alone in the absence of KGF did not modify the
melanosome transfer (Figure 5g and h).
Quantitative analysis of the melanosome transfer in
primary co-cultures of light or dark keratinocytes and
melanocytes treated with KGF (20 ng/ml for 6 hours) compared to untreated cells was performed by counting for each
treatment the percentage of tyrosinase-positive keratinocytes
(containing at least 25 dots) on a total of 500 cells, randomly
observed from 10 microscopic fields in two different
experiments and expressed as mean value7SE. The results
showed that KGF induces an increase in cytoplasmic
tyrosinase-positive dots corresponding to transferred melanosomes in both types of co-cultures both with light and dark
keratinocytes, but the increase in melanosome transfer is
more significant in light keratinocytes compared to dark ones
(Figure 5i).
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Figure 3. Ultrastructural analysis of beads distribution in light and dark
keratinocytes. Ultrastructural analysis of NHKs from (a–d) light and (e–h) dark
skin incubated with 0.5 mm latex beads for 6 hours. In light keratinocytes, the
internalized beads appear distributed in the perinuclear area (a) and are
clustered in vacuoles fusing with each other in membrane-bound structures
containing two or more beads (b–d, arrows). In contrast, dark keratinocytes
showed the presence of beads individually contained in vacuoles scattered
throughout the cytoplasm (e–h). PM, plasma membrane; k, keratin filaments;
NM, nuclear membrane; Nu, nucleus. (a, e) Low magnification; (b–d, f–h)
higher magnification. Bars: (a, e) ¼ 1 mm; (b–d, f–h) ¼ 0.5 mm.

an anti-tyrosinase polyclonal antibody to detect melanosomes and an anti-cytokeratin mAb to identify unequivocally
keratinocytes in co-cultures. The results obtained from cocultures of both light and dark keratinocytes showed that, in
untreated cells, tyrosinase-positive dots were mainly localized in the cytoplasm of melanocytes (Figure 5a and b),
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Since the above results revealed that KGF-mediated increase
in melanosome transfer is higher in light keratinocytes
compared to dark keratinocytes, we were interested in
investigating possible differences in the expression of KGFR.
We performed Western blot analysis using an anti-Bek
polyclonal antibody, raised against the N-terminal region of
the extracellular domain of FGFR2/KGFR in light and dark
keratinocytes at confluence, because it has been reported that
KGFR expression increases during confluence-induced keratinocyte differentiation (Marchese et al., 1997; Capone et al.,
2000). Densitometric analysis revealed an higher expression
of KGFR in light keratinocytes compared to dark ones,
although an individual variability between light and dark
keratinocytes in the expression level of KGFR was evident
(Figure 5i). These results could elucidate the higher increase
of melanosome transfer mainly observed in light keratinocytes compared to dark ones, supporting the hypothesis that
the melanosome uptake promoted by KGF correlates with
KGFR level.
Treatment with KGF (20 ng/ml for 6 hours) was also
performed in the presence or absence of KGFR tyrosine
kinase inhibitor SU5402 (30 mM for 6 hours) and soybean
trypsin inhibitor (STI 0.1%) to block PAR-2 pathway (Paine
et al., 2001). In fact, it has been demonstrated that one of the
mechanisms responsible for UVB-induced pigmentation is
the increase in melanosome transfer through PAR-2 upregulation and activation (Sharlow et al., 2000; Seiberg et al.,
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Figure 4. Internalization of latex beads in phagosomes. Phagocytic assay in human primary keratinocytes of light (a, c, e; g, i, k) and dark (b, d, f; h, j, l) skin
incubated with 0.5 mm fluorescent microspheres and FITC-dextran (1 mg/ml) in the presence or absence of KGF treatment (20 ng/ml) for 1, 4, and 6 hours.
Confocal analysis reveals the presence of beads in phagocytic structures: colocalization of the two signals (dextran: green; 0.5 mm latex beads: red) both
beneath the plasma membrane (a, b, g, h, arrows) and in intracellular compartment (c–f, i–l, arrows) is shown in yellow. Bar ¼ 5 mm. (m, n) Quantitative
analysis of the dextran fluorescence intensity shows increased phagocytosis induced by KGF (20 ng/ml for 6 hours), more evident in light keratinocytes
compared to dark ones. Analysis was performed evaluating at least 100 cells for each condition, randomly taken from five microscopic fields in three
different experiments, and values are expressed as the mean value7SE. (n) Quantitative immunofluorescence analysis of light and dark NHKs incubated
with 0.5 mm beads in the absence or presence of 2.5 mM cytochalasin D. Cytochalasin D appears to block the phagocytosis of beads in both light and dark
keratinocytes. Analysis was performed by counting the number of internalized beads in 150 cells for each condition, randomly taken from 10 microscopic fields
in three different experiments, and values are expressed as the mean value7SE.

2000a). Our results showed that both inhibitors could affect
the phagocytic capacity of light and dark keratinocytes
decreasing the melanosome uptake induced by KGF and
their synergistic action (Figure 5j and k). These data
confirmed that the KGF-induced phagocytosis process
involves activation of different pathways: Rho-dependent
and Cdc42/Rac-dependent mechanisms related to PAR-2 and
KGFR activation respectively (Cardinali et al., 2005). To
clarify this point further, we investigated the possibility that

KGF–KGFR signal pathway activation could exert a direct role
in the modulation of PAR-2 gene expression. For this reason,
all light and dark keratinocytes used for co-cultures were
incubated for 6 hours in the presence or absence of KGF
(20 ng/ml) and were analyzed by reverse transcriptase realtime PCR to evaluate the amount of PAR-2 transcript. The
results suggest that in our experimental conditions, KGF did
not significantly affect the modulation of PAR-2 expression
both in light and dark keratinocytes (data not shown).
www.jidonline.org
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Figure 5. KGF-induced melanosome transfer in co-cultures of human primary melanocytes with keratinocytes derived from light and dark skin. (a–h) Double
immunofluorescence with anti-tyrosinase antibody (green) to detect melanosomes and anti-cytokeratin antibody (red) to identify keratinocytes in co-cultures
following KGF treatment (20 ng/ml for 6 hours) in the presence or absence of SU5402 (30 mM for 6 hours). Immunolabeling in untreated co-cultures (a, b) showed
tyrosinase-positive dots in the cytoplasm of the melanocytes, whereas in co-cultures treated with KGF fluorescence spots became visible in both light
and dark keratinocytes (c, d) surrounding melanocytes revealing an increased melanosome transfer to the keratinocytes. The SU5402 tyrosine kinase
inhibitor appears to block the KGF effect on melanosome stimulation uptake in both light and dark keratinocytes (e, f). The treatment with SU5402 in the
absence of KGF did not modify the melanosome transfer (g, h). Bar ¼ 5 mM. (i) Quantitative immunofluorescence analysis of light (samples 1, 2, 3: S1, S2, S3) and
dark (samples 4, 5, 6: S4, S5, S6) keratinocytes positive for tyrosinase in co-cultures with melanocytes after treatment with KGF (20 ng/ml for 6 hours), expressed
as fold increase compared to untreated cells. The promotion of melanosome transfer induced by KGF appeared to be more effective in light keratinocytes
compared to the dark ones. The results represent the mean value7SE. For each treatment, a total of 500 cells randomly taken from 10 microscopic fields
in two different experiments were analyzed. Western blot analysis of the expression of KGFR on human primary keratinocytes from light and dark skin using
anti-Bek polyclonal antibody raised against the N-terminal region of the extracellular domain of FGFR2/KGFR. In NHKs from light and dark skin, a protein
species corresponding to the molecular weight of the human KGFR is detected. The equal loading was assessed by reprobing the same nitrocellulose with
anti-actin antibody. Densitometric analysis suggests that the differences in response to the KGF stimulation are related to the expression level of KGFR,
which has been found more expressed in light keratinocytes compared to dark ones. (j) Quantitative immunofluorescence analysis on co-cultures of melanocytes
with light or dark keratinocytes treated with SU5402 inhibitor of FGFRs kinase activity (30 mM for 6 hours) or with soybean trypsin inhibitor (STI, 0.1% for 6 hours)
in the presence or absence of KGF (20 ng/ml for 6 hours). Both inhibitors appear to block the KGF effect on the stimulation of melanosome transfer in both
light and dark keratinocytes. The results represent the mean value7SE. For each treatment, a total of 500 cells randomly taken from 10 microscopic fields in two
different experiments were analyzed. (k) Quantitative immunofluorescence analysis on co-cultures of melanocytes with light or dark keratinocytes treated
with both SU5402 (30 mM for 6 hours) and STI (0.1% for 6 hours) show a synergistic effect in decreasing the melanosome transfer. The results represent
the mean value7SE. For each treatment, a total of 500 cells randomly taken from 10 microscopic fields in two different experiments were analyzed.

DISCUSSION
The melanosome transfer is a complex process involving
many cellular and molecular events in melanocytes producing melanin and in keratinocytes receiving melanosomes.
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This process is regulated by environmental and physiological
factors such as UVB or melanocyte-stimulating hormone
acting on melanocytes and keratinocytes, but it has been
recognized an active role of the keratinocytes through
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regulation of their phagocytic ability (Seiberg et al., 2000a).
A recent study using a human skin substitute strengthened
the key role of the keratinocytes in modulating the skin
pigmentation through differences in the release of melanogenic cytokines, the phagocytic activity, and the distribution
pattern of melanosomes: in fact, these mechanisms appeared
to be more effective in keratinocytes from dark skin, which
are thus responsible for a darker coloration compared to that
induced by light keratinocytes (Yoshida et al., 2007). We
have recently demonstrated that KGF, which acts only on the
recipient keratinocytes by binding to its receptor expressed
exclusively on cells of epithelial origin (Miki et al., 1991,
1992), induces melanosome transfer in vitro through the
promotion of phagocytosis (Cardinali et al., 2005). In this
paper, we analyzed melanosome transfer promoted by KGF
searching for possible differences in the behavior of light and
dark skin-derived keratinocytes. The patterns of melanosome
distribution in light and dark keratinocytes is well documented (Minwalla et al., 2001; Thong et al., 2003). In dark
keratinocytes, melanosomes are larger and individually
dispersed throughout the cytoplasm, giving the skin a darker
coloration and an higher capacity to absorb radiation
protecting it from UV damages. In light keratinocytes,
melanosomes are smaller and aggregated in clusters, giving
the skin a lighter coloration and a reduced photoprotection
ability. In agreement with these studies, we observed a
different intracellular arrangement of latex beads in keratinocytes from light and dark skin; in particular, in light
keratinocytes, the KGF-treatment enhances the clustering of
the beads near the nucleus in contrast to dark keratinocytes,
which display a pattern of more scattered beads throughout
the cytoplasm and around the nucleus. The ultrastructural
analysis of light and dark keratinocytes confirms the different
distribution pattern of beads that correspond to the wellknown organization of melanosomes: in light keratinocytes
more beads are aggregated in the same membrane-bound
structures, whereas in dark keratinocytes the beads are
individually distributed. In addition, experiments using
FITC-dextran as a phagosomal compartment marker demonstrate that the internalized beads follow the intracellular
transport from the periphery to the central area of the cells
localizing in phagosomal structures during not-induced or
KGF-induced phagocytosis in both light and dark keratinocytes. In addition, experiments using cytochalasin D to affect
actin polymerization indicate that the phagocytic process
involved in the beads internalization requires actin assembly.
Considering the well-known role of KGF in regulating actin
organization (Mehta et al., 2001), these results suggest that
KGF-promoted phagocytosis occurs via an actin-dependent
mechanism.
In our previous paper (Cardinali et al., 2005) we
demonstrated KGFR involvement in melanosome transfer.
Here, the direct role of KGFR in human primary co-cultures
of melanocytes and light or dark keratinocytes is further
demonstrated by the block of the KGF-induced phagocytic
effect in the presence of the specific FGFRs tyrosine
kinase inhibitor SU5402. The results indicate that receptor
kinase activity and signaling are required for the increased

melanosome transfer in both light and dark keratinocytes.
The higher response to KGF observed in light keratinocytes
compared to dark ones prompted us to investigate the
possible differences in KGFR expression levels. Western blot
analysis to evaluate the expression of KGFR in keratinocytes
from light and dark skin indicated that, on average, in light
keratinocytes there is an higher expression of this receptor
compared to dark keratinocytes. These results could explain
the lower responsivity of dark keratinocytes to KGF treatment
and further demonstrate that receptor activation, but
not its expression alone, is responsible for differences in
melanosome uptake. Moreover, the higher melanosome
uptake observed in dark keratinocytes compared to light
ones in the absence of KGF stimulation support this
hypothesis (Figure 5j and k).
The more pronounced effectiveness of KGF on the
stimulation of melanosome transfer in light keratinocytes
compared to dark keratinocytes seems to suggest that light
skin needs to activate alternative pathways in addition to the
well-known PAR-2-activated pathway (Scott et al., 2001;
Babiarz-Magee et al., 2004), optimizing the process of
melanosome transfer in conditions that require an enhanced
protection from UVB-induced damages.
Taken together, our results suggest that KGFR and its
ligand play a role in the process of melanosome transfer and
photoprotection by increasing the amount of melanin
incorporated into keratinocytes in differently pigmented skin.
This is consistent with the fact that KGFR is overexpressed in
the suprabasal layers of the epidermis (Marchese et al., 1997;
Capone et al., 2000), which are reached and are more
damaged by UVB radiation. Moreover, since it has also been
demonstrated that UVB induces KGFR activation and
internalization (Marchese et al., 2003; Belleudi et al., 2006)
we suggest that this receptor could play an important role in
light and dark keratinocytes, not only in the KGF-mediated,
but also in the UVB-induced uptake of melanosomes. Further
work is needed to highlight the molecular mechanisms
involved in the complex process that controls pigmentation
and photoprotection in different skin color.
MATERIALS AND METHODS
Cells
Primary cultures of NHKs were derived from three light neonatal
foreskins as described previously (Pincelli et al., 1994), three dark
neonatal foreskins (Yale University, Department of Dermatology,
New Haven, CT), and from a 19-year-old female lightly pigmented
and a 39-year-old-female darkly pigmented (Cascade Biologics Inc.,
Portland, OR). Primary culture of normal human melanocytes was
derived from light neonatal foreskins as described previously
(Pincelli et al., 1994).
Primary cells were maintained in Medium 154 (Cascade
Biologics Inc.) supplemented with human keratinocyte growth
supplement (Cascade Biologics Inc.) and human melanocyte growth
supplement (Cascade Biologics Inc.) plus antibiotics.
In primary co-cultures, melanocytes were seeded and maintained
in Medium 154 supplemented with human melanocyte growth
supplement and Ca2 þ (0.2 mM). Two days later, keratinocytes
were added at a ratio of 5:1 and co-cultures were maintained
www.jidonline.org
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thereafter in Medium 154 supplemented with human keratinocyte
growth supplement and Ca2 þ (0.07 mM). For KGF treatment,
cells grown on coverslips coated previously with 2% gelatin onto
24-well plates were serum-starved for 12 hours and then incubated
with recombinant human KGF (20 ng/ml; Upstate Biotechnology,
Lake Placid, NY) for different time points (1, 2, 4, and 6 hours)
at 371C. For beads uptake experiments, NHKs cells grown in
coverslips onto 24 plates were serum-starved for 12 hours and then
incubated with fluorescent microspheres 0.5 mm (red) in diameter
(FluoSpheres Fluorescent Microspheres, Molecular Probes Inc.,
Eugene, OR) for different time points (1, 2, 4, and 6 hours) at the
following concentration 72  107 particles/ml in the presence or
absence of KGF (20 ng/ml). For inhibition of phagocytosis through
actin depolymerization, cells were pretreated for 1 hour with
cytochalasin D (2.5 mM in culture medium; Sigma-Aldrich, St Louis,
MD) and then incubated with 0.5 mm fluorescent latex beads for 2
and 6 hours. Cytochalasin D was maintained throughout this period.
To analyze phagocytosis, NHKs were incubated with 0.5 mm
fluorescent microspheres and FITC-dextran (1 mg/ml in culture
medium; Sigma-Aldrich Chemicals Co, St Louis MD) in presence
or absence of KGF (20 ng/ml) for different time points (1, 4, and
6 hours) at 371C.
For inhibition of KGFR, co-cultures were pre-incubated with a
specific FGFRs tyrosine kinase inhibitor SU5402 (30 mM in culture
medium; Calbiochem, Nottingham, UK) for 1 hour before incubation
with KGF (20 ng/ml) for 6 hours. For inhibition of PAR-2, co-cultures
were incubated with STI (0.1% in culture medium; Sigma Chemicals
Co, St Louis, MD) in the presence of KGF (20 ng/ml) for 6 hours. Cocultures were also incubated with both inhibitors in the presence of
KGF (20 ng/ml) for 6 hours.
The study was approved by the Medical Ethical Committee of the
San Gallicano Dermatological Institute and was conducted according to the Declaration of Helsinki Principles. Participants gave their
written informed consent.

Western blot analysis
Light and dark primary keratinocytes at confluence condition were
lysed in RIPA buffer (10 mM Tris, pH 7.4, 50 mM NaCl, 1 mM EDTA,
10 mM KCl, 1% NP40, 0.1% SDS, 0.05% Tween-20) supplemented
with protease inhibitors (100 mg/ml aprotinin, 2 mM phenylmethylsulfonyl fluoride, 100 mg/ml leupeptin; USB Corporation, Cleveland,
OH). Next, 50 mg of total proteins were resolved under reducing
conditions using 10% SDS–PAGE and transferred to reinforced
nitrocellulose (BA-S 83, Scheleider & Schuell, Keene, NH). The
membrane was blocked with 5% non-fat dry milk in phosphatebuffered saline (PBS) 0.05% Tween-20 for 1 hour at room
temperature. After washing for 20 minutes in PBS 0.05% Tween20, the membrane was incubated overnight at 41C with anti-Bek (H80; 1:200) rabbit polyclonal antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, CA), raised against the N-terminal region of the
extracellular domain of FGFR2/KGFR, followed by enhanced
chemiluminescence detection (Amersham Co, Arlington Heights,
IL). Densitometric analysis was performed with the help of Quantity
One Program (Bio-Rad, Laboratories GmbH, Munich, Germany).
The signal intensity for each band was calculated and the
background subtracted from experimental values. The resulting
values were then normalized and expressed as fold increase
compared to the control value.
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Immunofluorescence and confocal microscopy
All cells, either in single cultures or in co-cultures grown on
coverslips, after treatments with the KGF, FITC-dextran, and latex
beads, were fixed in 4% paraformaldehyde in PBS for 30 minutes at
251C and permeabilized with 0.1% Triton X-100 in PBS for
5 minutes. For double immunofluorescence, cells were incubated
with the following primary antibodies: anti-tyrosinase polyclonal
antibody (1:50 in PBS; C-19; Santa Cruz Biotechnology Inc.) and
anti-human cytokeratin mAb (1:100 in PBS; clone MNF-116; Dako,
Carpinteria, CA). The primary antibodies were visualized after
appropriate washing with PBS, using the following secondary
antibodies: rabbit anti-goat IgG-FITC (1:300 in PBS; Cappel Research
Products, Durham, NC) and goat anti-mouse IgG-Texas Red (1:50 in
PBS; Jackson ImmunoResearch Laboratories, West Grover, PA).
Nuclei were visualized using 40 ,6-diamido-2-phenylindole dihydrochloride (1:10000 in PBS; Sigma Chemicals Co). Fluorescence
signals were analyzed both by recording stained images using a CCD
camera (Zeiss, Oberkochen, Germany) and IAS2000/H1 software
(Delta Sistemi, Roma, Italy) and also by confocal vertical (x-z)
sections (interval: 0.5 mm) obtained with a Zeiss Confocal Laser Scan
Microscope (Zeiss). Percentage of tyrosinase-positive cells in cocultures of keratinocytes and melanocytes incubated with KGF
compared to untreated cells was analyzed counting for each
treatment, a total of 500 cells, randomly observed from 10 fields
in two different experiments and expressed as mean value7SE.
Quantitative analysis of the dextran fluorescence intensity was
performed using the Zeiss KS 300 3.0 Image Processing system: at
least 100 cells randomly taken from five microscopic fields for each
condition were evaluated, and data are expressed as the average of
measurements7SE. Statistical analysis was performed using the
Student’s t-test and significance level has been defined as Po0.05.

Optical sections fluorescence microscopy
Cells were grown on coverslips and incubated with 0.5 mm beads in the
presence or absence of KGF as above, and fixed in 4% paraformaldehyde in PBS for 30 minutes at 251C. Nuclei were visualized using
40 ,6-diamido-2-phenylindole (1:10000 in PBS; Sigma Chemicals Co).
Specimens were scanned with an Apotome system (Zeiss) connected
with an Axiovert 200 inverted microscope (Zeiss). Images were
generated by stacking multiple section scans acquired in series of
0.7 mm, with a CCD camera (Zeiss), obtaining at least 10 sections per
cell. Optical sections image analysis was performed by transferring the
data sets to the Axiovision software (Zeiss). A 3D image stack was
reconstructed with the LSM 5 Pascal Image Examiner software module
(Zeiss), which stacks the z-sections and rotates on the X/Y plane.

Time-lapse videomicroscopy observation
For the time-lapse imaging experiments, light and dark skin-derived
NHKs were pre-incubated for 1 hour with 0.5 mm fluorescent
microspheres before the incubation with the selective staining of
Golgi complex Bodipys TR ceramide (Molecular Probes). Time-lapse
recordings of labeled cells were made using an imaging workstation
composed of an inverted microscope Axiovert 200 (Zeiss) equipped
with a CCD camera (Zeiss) and a microscope chamber incubator with
a CO2 and temperature (371C) control system (Inkubator S, Zeiss).
Sequential video images were acquired for 6 hours at 30 minutes
intervals with an exposure period of 2000 milliseconds and monitored
by the Axiovision image aquisition and analysis computer software
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(Zeiss). Between successive time points of the time lapse measurements the excitation light was switched off.

Marchese C, Maresca V, Cardinali G, Belleudi F, Ceccarelli S, Bellocci M
et al. (2003) UVB-induced activation and internalization of keratinocyte
growth factor receptor. Oncogene 22:2422–31

Electron microscopy

Marchese C, Rubin J, Ron D, Faggioni A, Torrisi MR, Messina A et al. (1990)
Human keratinocyte growth factor activity on proliferation and
differentiation of human keratinocyte: differentiation response distinguishes KGF from EGF family. J Cell Physiol 144:326–32

Cultures of human primary light and dark keratinocytes incubated
with 0.5 mm fluorescent microspheres for 6 hours were washed three
times in PBS (pH 7.4) and fixed with 2% glutaraldehyde in the same
buffer for 2 hours at 251C. Samples were post-fixed in 1% osmium
tetroxide in veronal acetate buffer (pH 7.4) for 2 hours at 251C and
were stained with uranyl acetate 2% (5 mg/ml), dehydrated in
acetone, and embedded in Epon 812. Thin sections were examined,
and poststained with uranyl acetate and lead hydroxide.
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