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ABSTRACT
Melanosomes are membrane-bound intracellular organelles that are uniquely generated by melanocytes
(MCs) in the basal layer of human epidermis. Highly pigmented mature melanosomes are transferred
from MCs to keratinocytes (KCs), and then positioned in the supra-nuclear region to ensure protection
against ultraviolet radiation (UVR). However, the molecular mechanism underlying melanosome (or
melanin pigment) transfer remains enigmatic. Emerging evidence shows that exo-/endo-cytosis of the
melanosome core (termed melanocore) has been considered as the main transfer manner between MCs
and KCs. As KCs in the skin migrate up from the basal layer and undergo terminal differentiation, the
melanocores they have taken up from MCs are subjected to degradation. In this study, we isolated
individual melanocores from human MCs in culture and then induced their destruction/disruption using a
physical approach. The results demonstrate that the ultrastructural integrity of melanocores is essential for
their antioxidant and photoprotective properties. In addition, we also show that cathepsin V (CTSV), a
lysosomal acid protease, is involved in melanocore degradation in calcium-induced differentiated KCs and
is also suppressed in KCs following exposure to UVA or UVB radiation. Thus, our study demonstrates that
change in the proportion of melanocores in the intact/undegraded state by CTSV-related degradation in
KCs affects photoprotection of the skin.

Abbreviations: MCs: melanocytes; KCs: keratinocytes; HDFBs: human dermal fibroblasts; CTSV: cathepsin V;
UVR: ultraviolet radiation; ROS: reactive oxygen species; ESR: electron spin resonance; DMPO: 5,5-dimethyl-
1-pyrroline-N-oxide; TEM: transmission electron microscopy; CPDs: cyclobutane pyrimidine dimers; 8-oxo-
dG: 8-oxo-2-deoxyguanosine; BCC: basal cell carcinoma; SCC: squamous cell carcinoma; FBS: fetal bovine
serum; DMEM: Dulbecco’s modified Eagle medium; LMA: low-melting-point agarose; NMA: normal-
melting-point agarose; PBS: phosphate buffered saline; siRNA: small interfering RNA; SDS-PAGE: sodium
dodecyl sulfate polyacrylamide gel electrophoresis.
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Introduction

Ultraviolet radiation (UVR) has been considered as the major
environmental risk factor for skin photodamage (sunburn) and
photoaging and even for photocarcinogenesis [1]. Solar UV
rays that reach the earth’s surface contain approximately 95%
UVA (320-400 nm) and 5% UVB (280-320 nm). It is beyond
dispute that most cases of skin cancer, such as basal cell carci-
noma (BCC), squamous cell carcinoma (SCC) and malignant
melanoma, are caused by excessive exposure to solar UVR,
particularly its highly energetic UVB component [2,3]. How-
ever, human epidermis is fully equipped with a photoprotective
defense mechanism to avoid/minimize the deleterious effects of
UVR on the skin, to prevent cellular DNA damage and to scav-
enge harmful free radicals [4]. The following cellular events
responsible for photoprotection have been studied extensively
in skin exposed to UVR, including: 1) active melanin produc-
tion in melanocytes (MCs) resulting from the up-regulation of
tyrosinase activity; 2) the acceleration of melanosome transfer
from MCs to neighboring keratinocytes (KCs), and 3) the sub-
cellular localization of transferred melanosomes within KCs to

form a supranuclear cap that serves as a shield to protect DNA
against UVR [5,6]. Despite impressive advance in such fields of
melanocyte research, the difficulty in monitoring the dynamic
process of melanosome degradation both in undifferentiated
and in differentiated KCs represents a major challenge to iden-
tify the photoprotective differences afforded by degraded or
intact melanosomes [7–9].

Histological observations show that melanin granules are
scarce in the Malpighian layer and the superficial cornified
(horny) layer, whereas they are abundant in the basal layer.
This suggests that melanin and melanosomes are degraded dur-
ing their transit upward to the surface of the epidermis [10,11].
The prevalent mode of transfer between MCs and KCs through
exo-/endo-cytosis of the melanosome core (termed melano-
core) has been considered as the main manner in physiological
context, melanocores in the recipient KCs actually reveal the
absence of a melanosomal outer membrane [12]. It is not
entirely clear what impact melanocore degradation has on pro-
tecting undifferentiated and/or differentiated KCs from UVR
damage since studies to address this question have produced
conflicting results. Jimbow and colleagues put forth the
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interesting hypothesis that melanocore degradation appears to
involve the reduction of melanocores into finer particles that
may increase its effectiveness in shielding against UVR and in
scavenging reactive oxygen species (ROS) [10]. However,
recently published reports differ from that assumption in that
the degradation and/or disintegration of melanocores causes
them to lose their ROS scavenging activity [13] and their opti-
cal scattering properties [14]. To better understand whether the
degradation of melanocores directly affects their photoprotec-
tive and anti-oxidant properties, in this study, we subjected
human melanocores to physical destruction in an experimental
model to simulate the degradation that may occur within KCs.
We then analyzed their ability to photoprotect against UVR-
induced DNA damage in treated (broken) or untreated (intact)
melanocore-incorporated KCs following UVR. Using the elec-
tron spin resonance (ESR) spin-trapping technique, we also
examined the ability of treated or untreated melanocores to
inhibit the iron ion-catalyzed free radical decomposition of
hydrogen peroxide using the Fenton reaction. In addition, we
also showed that cathepsin V/L2 (CTSV), a lysosomal acid pro-
tease, is upregulated in calcium-induced differentiated KCs and
suppressed in UVR-exposed KCs to increase the ratio of intact
vs. broken melanocores, which potentially confers a stronger
protection against UVR [15,16]. Our findings provide eviden-
ces for the first time that the photoprotective properties of
melanocores are significantly improved in UVR-exposed KCs
through the suppressed degradation of melanocores by the
down-regulation of CTSV, which may be important for the
design of new therapeutic approaches to protect against skin
photoinjuries after exposure to sunlight.

Results

Loss of photoprotection against UVA and UVB in damaged
melanocore-incorporated KCs

Equal amounts of melanocores isolated from human MCs and
MNT1 cells were treated with multiple freeze-thaw cycles and
manual grinding to physically damage them. Afterward, the
treated (broken) or untreated (intact) melanocores were incu-
bated with human KCs for 48 h to allow melanocores to be
incorporated into KCs by phagocytosis. Upon examination
using bright-field microscope, it was observed that melanocores
predominantly aggregated in the perinuclear area, even form-
ing a microparasol structure in keratinocytes exposed to 3mJ/
cm2 UVB irradiation (Figure 1C). In comparison to the mela-
nosomes in cultured melanocytes, melanocores purified from
MCs revealed the absence of a melanosomal outer membrane
(Figure 1A) [17]. Two specific antibodies against melanosome
membrane marker (tyrosinase) and the amyloid fibril compo-
nents within melanocores (Pmel 17/gp100) were used in west-
ern blotting to examine their corresponding protein levels in
the melanocore-incorporated keratinocytes. As compared with
the cultured melanocytes, the melanocore-incorporated kerati-
nocytes exhibited significantly lower levels of tyrosinase, while
Pmel 17/gp100 levels stayed relatively the same (Figure 1B).
The melanocore-incorporated KCs were then irradiated with 3
J/cm2 UVA or with 30 mJ/cm2 UVB. DNA damage at the single
cell level was detected using the comet assay (also called single-

cell gel electrophoresis). The comet assay data showed that the
percentage of DNA in the comet tail is higher in treated broken
melanocore-incorporated KCs than in untreated intact melano-
core-incorporated KCs following UV radiation (Figure 2), espe-
cially in UVB-exposed KCs (P<0.05). The two major DNA
photoproducts, 8-oxo-dG (8-oxo-2-deoxyguanosine) and
CPDs (cyclobutane pyrimidine dimers), induced by UVA and
UVB radiation were also examined using immunofluorescence
staining analysis (Figure 3). The immunofluorescent intensities
of 8-oxo-dG and CPDs were significantly increased in damaged
melanocore-incorporated KCs compared with intact melano-
core-incorporated cells after UVA and UVB irradiation
(Figure 3B). The results indicate that the ultrastructural integ-
rity of melanocores taken up by KCs is of central importance to
their photoprotective properties.

Loss of scavenging capacity for free hydroxyl radicals by
damaged melanocores

To determine whether melanocore destruction affects their
antioxidant properties, DMPO spin adducts were quantified in
which hydroxyl radicals were generated by the Fenton reaction
in the presence of untreated/intact or treated/broken melano-
cores obtained from primary MCs (Figures 4A, 4B). Compared
to broken melanocores, untreated melanocores had markedly
reduced amounts of DMPO-OH (Figure 4C, P < 0.05). These
observations suggest that degraded melanocores become less
effective in performing their antioxidant function.

Proteolytic effect of CTSV in KCs on melanocore
degradation

To gain more insight about the role of CTSV in melanocore
degradation in KCs, HaCaT cells were transfected with CTSV
siRNA to silence CTSV mRNA expression and to suppress
CTSV protein levels (Figure 5A). We purified melanocores
from human MCs and then incubated melanocore specimens
with CTSV-knockdown KC lysates in a slightly acidic (pH 5.5)
environment. The ultrastructural changes of melanocores
assessed by TEM are shown in Figure 5B. Most of the contour
lines of melanocores remained visible in preparations treated
with the CTSV-knockdown KC lysates. However, in sharp con-
trast, marked ruptures or disintegrations of the melanocores
were found in the scrambled control. The percentage of dam-
aged melanocores was significantly higher in the scrambled
control (62%) than in the CTSV-knockdown KCs (31%)
(Figure 5C, P <0.05). The CTSV-knockdown KCs also exhib-
ited a much lower CTSV catalytic activity than that in the
scrambled control (Figure 5E). Finally, we directly treated mel-
anocore specimens with commercially available recombinant
human CTSV (rhCTSV). The ultrastructural changes in
rhCTSV-treated melanocores were very similar to those treated
by KC lysates obtained from the scrambled control siRNA.
However, heat-inactivated CTSV had no discernible activity on
melanocores (Figures 5B and 5D). These findings collectively
suggest that the expression of CTSV in KCs contributes to the
breakdown of the protein components in the melanocores.

845CELL CYCLE



Figure 1. Isolation and characterization of melanocores. (A) Melanocores (M-cores) were isolated from normal human MCs and MNT1 melanoma cells as described in the
Materials and Methods. The melanocore pellets were examined by TEM. The representative TEM micrograph on the right panel shows the melanocores characteristic
absence of the outer envelope membrane. Melanosomes in a normal MC are shown on the left panel, the red arrows indicate the visible outer membrane. Higher magni-
fications of the boxed areas in each low-power image are shown on the right. (B) Purified melanoscores were incubated with human KCs for 48 h to allow for a more effi-
cient uptake of melanocores by KC. The cells were washed with warm PBS to remove the unincorporated melanocores and lysed in extraction buffer. Two antibodies
against tyrosinase (a melanosomal membrane marker) and Pmel 17/gp100 (the intraluminal amyloid fibrils) were used in western blotting to examine their corresponding
protein levels. The histogram (on the right) shows the densitometric quantification of data with means § SD of 3 independent experiments. (C) Purified melanocores
were incubated with human KCs for 48h. The distribution of melanocores, in unexposed or 3 mJ/cm2 UVB-exposed KCs, was examined using the bright-field microscopy,
arrows indicate the microparosol formation.
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Up-regulation of CTSV in calcium-induced KCs
differentiation increases melanocore degradation

The most recent articles reported by Correia and Hurbain show
that transferred melanocores are kept in a non-acidic or/ non-
degradative compartment of the keratinocytes [12,18]. To
explain this discrepancy between our observation and these
published results, we increased calcium concentration in the
cultured medium in order to induce keratinocyte differentia-
tion. The results indicated that there were significant upregula-
tions of CTSV protein and mRNA in 1.3 mM calcium-treated
keratinocytes as compared with those in 0.06 mM calcium-
treated cells (Figure 6A). The western blotting analyses with
Pmel 17/gp100 antibody revealed that there was a significant
decrease in Pmel 17 protein level in the keratinocytes treated
with 1.3mM calcium for 72 h, and no change in the melano-
cores-incorporated fibroblasts (Figure 6C). In addition, we also

used the siRNA technique to knock down the CTSV expression
in KCs, which were then treated with 0.06 mM or 1.3 mM cal-
cium and incubated with an equal amount of purified melano-
cores. The decreased Pmel 17/gp100 protein level was only
detected in 1.3 mM calcium treated keratinocytes, while no
change was found in 0.06 mM calcium treated cells
(Figure 6B). Similar results were obtained from the chase assays
(Figure 6C). These results showed that undifferentiated kerati-
nocytes did not influence the degradation of incorporated mel-
anocores. Calcium-induced differentiated keratinocytes
particularly degrade incorporated extrinsic melanocores.

Down-regulation of CTSV in UVA or UVB-exposed KCs
suppresses melanocore degradation

CTSV mRNA and protein levels in HaCaT cells exposed to
UVA (3-30 J/cm2) or to UVB (10-100 mJ/cm2) were

Figure 2. Damaged melanocores are incompetent to protect keratinocytes against UVA or UVB photodamage. (A) KCs were seeded into 6-well culture plates at 2 £ 104

cells per well and were cultured overnight to attach to the cell plates. Purified melanocores were subjected to destruction by a physical procedure. Equal amounts (rang-
ing from 1,000 to 2,000 melanocores per well) of treated (broken) or untreated (intact) melanocores were then dropped on each cell culture. Following an incubation
time of 48 h, the cultures were washed using warm PBS and then directly irradiated with 3 J/cm2 UVA or 30 mJ/cm2 UVB, and comet assays were performed to measure
DNA damage in individual cells. Images of comet tail DNA in representative cells exposed to UVA or UVB are shown. (B) The bar graphs show the mean comet percentage
of tail DNA (%Tail DNA) from 3 independent experiments with at least five fields of 100 cells counted per experiment. �P < 0.05.
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Figure 3. Determination of 8-oxo-dG and CPDs formation by immunofluorescence staining. (A) KCs were loaded with treated (broken) or untreated (intact) melanocores
as described for Figure 2 and were grown on coverslips and irradiated with 3 J/cm2 UVA or 30 mJ/cm2 UVB. The cells were immediately fixed in 4% paraformaldehyde in
PBS, and were then immunostained with antibodies to CPD and to 8-oxo-dG. The slides were counter-stained with DAPI to identify nuclei (blue). Staining was observed
using an Olympus FV1200 confocal fluorescence microscope. Representative fluorescence images of 8-oxo-dG and CPDs are shown in the upper row. Merged images
including DAPI-staining of nuclei (blue) are shown in the bottom row. Scale bar: 50 mm. (B) Mean intensities of 8-oxo-dG and of CPDs quantified using Image J software;
bars show means § SD of intensities from 3 independent experiments. �P < 0.05.
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dramatically decreased in a UV dose-dependent manner
(Figures 7A and 7B). The changes in CTSV enzyme activity
were very similar to its transcript levels (Figure 7E). Addition-
ally, we examined the ultrastructural changes of melanocores
treated with cell lysates derived from UVB-exposed and from
unexposed KCs. The percentage of damaged melanocores was
significantly higher in the unexposed controls (45%) than in
the UVB-treated group (29%) (Figures 7C and 7D, P < 0.05).
These results demonstrate that the suppression of CTSV activ-
ity in KCs by UV radiation could repress melanocore
degradation.

Discussion

Here, we report that the ultrastructural integrity of melanocores
in recipient KCs is necessary for their crucial photoprotective
role due to their optical properties (absorption, reflection and
scattering) [19] and to their anti-oxidative properties [20]. The
data obtained from the comet assay and immunofluorescent
staining of UV-specific photoproducts (8-oxo-dG for UVA and
CPDs for UVB) indicated that DNA damage and UV-signature
mutations are more severe in broken-melanocore incorporated
KCs than in intact-melanocore incorporated KCs following

Figure 4. Effects of treated (broken) and untreated (intact) melanocores on hydroxyl radical generation in the Fenton reaction. (A) Individual melanocores were isolated
from primary MCs and were then subjected to destruction by a physical procedure as described in the Materials and Methods. The ultrastructural integrity of melanocores
was examined by TEM. Representative TEM images show that untreated melanocores (left panel) are oval-shaped or round with an apparent contour line, while treated
melanocores (right panel) seem to be disintegrated or fragmented, as indicated by the arrows. (B) Representative ESR spectra of DMPO–OH with treated or untreated
melanocores. Hydroxyl radicals are generated by the Fenton reaction (DMPO: 400 mM). (C) Comparison of hydroxyl radical-scavenging activity for treated or untreated
melanocore specimens. Student’s unpaired t-test was used to determine the statistical difference between treated melanocores and the untreated control. �P < 0.05.
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UVR (Figures 2 and 3). ESR spin-trapping analysis provided
direct evidence that broken-melanocores exhibited a decreased
scavenging effect on free hydroxyl radicals compared to intact
untreated melanocores (Figure 4). Our findings suggest that
melanocore degradation is a previously unappreciated process

responsible for the regulation of cutaneous photoprotective
capacity.

Emerging evidences show that melanin granules reside in a
poor hydrolytic/non-acidic compartment in keratinocytes to
prevent rapid degradation [12,18]. Another recent study

Figure 5. Effects of siRNA-mediated knockdown of CTSV in KCs on melanocore degradation. (A) HaCaT cells were transfected with CTSV siRNA or the scrambled control for
72 h. The efficiency of CTSV knockdown by these siRNAs was tested using western blotting and RT-PCR. The histogram (on the right) shows the densitometric quantifica-
tion of data with means§ SD of 3 independent experiments. (B) Cell lysates were prepared from siRNA-transfected HaCaT as noted, and individual melanocores were iso-
lated from human MCs in culture, as described in the Materials and Methods. The melanocore specimens were incubated with the cell lysates at 37�C for 8 h.
Representative TEM images show that lysates of CTSV-transfected HaCaT cells have less of a destructive effect on melanocores than lysates of the scrambled control, as
indicated by the arrows (shown on the left). The melanocore specimens were also incubated with 1 mg/mL rhCTSV or a heat-inactivated control; TEM images are shown
on the right. (C and D) Comparison of percentages of damaged melanocores from 3 independent experiments. �P <0.05. (E) CTSV enzyme activity of cell lysates was esti-
mated using the fluorogenic dipeptide substrate Z-Leu-Arg-AMC. The histogram shows the means § SD of fluorescence intensities from 3 independent experiments.
�P < 0.05, ��P < 0.01.
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showed that lysosome inhibitors (E-64-D and pepstatin A) sig-
nificantly increased the accumulation of melanosomal protein
Pmel 17 in the melanocore-incorporated keratinocytes. They
also found that this lysosomal degradation of melanosomes did

not influence the early phase of incorporation, i.e., the phago-
cytic or endocytic processes [21]. CTSV (EC: 3.4.22.43) is a
lysosomal acid protease. We observed an upregulation of CTSV
protein and mRNA in 1.3 mM calcium-treated keratinocytes as

Figure 6. Melanocore degradation is sensitive to CTSV up-expression in Ca2+-induced differentiated KCs. (A) Human KCs were cultured with EpiLife medium supple-
mented with 0.06 mM or 1.3 mM calcium for 48 h. The total RNA or protein was extracted from cultured cells, the mRNA and protein level were detected using qPCR and
western blotting, respectively. Representative blot is shown on the left, the densitometric quantification of the intensity of the bands is shown on the middle. The levels
of CTSV mRNA are shown on the right. �P < 0.05. (B) KCs were transfected with CTSV siRNA or the scrambled control for 72 h in the medium containing 0.06 mM or
1.3 mM calcium, as described for Figure 5. The cells were incubated with equal amount of melanocores for 72 h. The melanocore-incorporated KCs were harvested for
the determination of Pmel 17/gp100 protein. Representative blot is shown on the left, the histogram (on the right) shows the densitometric quantification of data with
means § SD of 3 independent experiments. �P < 0.05. (C) The melanocore-incorporated KCs were cultured in the medium containing 0.06 mM or 1.3 mM calcium for
varying time points (0, 24, 48, and 72h). The cells were harvested for chase analysis of Pmel 17/gp100 protein. The histogram (on the left) shows the densitometric quanti-
fication of data with means § SD of 3 independent experiments. Human dermal fibroblasts (HDFBs) as a control are shown on the right. �P < 0.05.
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compared with those in 0.06 mM calcium-treated cells
(Figure 6A). Other investigators have already characterized the
detailed tissue distribution of CTSV using an ultrathin cryosec-
tion combined with immunogold labeling. Their results
revealed that CTSV was expressed predominantly within the
stratum spinosum and stratum corneum of the epidermis, and
to a lesser degree in the basal layer [15,18]. Based on these find-
ings, we hypothesized that melanocores are initially endocy-
tosed and reside in the non-degradative compartments of
undifferentiated basal keratinocytes in order to avoid prema-
ture degradation. However, these melanin-loaded compart-
ments within differentiated keratinocytes likely fuse with
CTSV-enriched lysosomes through the autophagic/lysosomal
pathway [21], and as a result are subjected to the breakdown of
the protein components within the melanocores.

To gain more insight about the role of CTSV in melanocore
degradation, we examined the effects of CTSV-siRNA knock-
down KC lysates on melanocore ultrastructure compared with
the scrambled control siRNA group. The results (Figure 6)
show that gene silencing of CTSV by siRNA in KCs results in
the reduction of melanocore degradation. Similar ultrastructural
changes were also observed in melanocore specimens treated
directly with commercially available recombinant human CTSV
enzyme. These data suggest that the enzyme activity of CTSV in
KCs contributes to melanocore degradation. Furthermore, we
examined the levels of CTSV mRNA and protein in UVA-/
UVB-induced HaCaT cells using Western blotting and qPCR
assays. The results show that CTSV protein and mRNA
transcript levels in cells exposed to UVR decreased in a UVR
dose-dependent manner (Figure 7). The cell lysates derived
from UVB-exposed KCs revealed a reduced melanocore degra-
dation capacity compared to the unexposed controls. These
findings suggest that the increased proportion of melanocores in
the intact and undegraded state enhances the skin photoprotec-
tive function.

Taken together, our results provide new insight into the fate
and functions of transferred melanosomes in KCs and answer
the long-standing question of whether the ultrastructural integ-
rity of melanosomes is required to perform their photoprotec-
tive function. The proteolytic degradation of melanosomes by
CTSV occurs preferentially in the differentiated compartment
of the skin, serving as a potential mechanism against the pre-
mature degradation of newly transferred melanosomes in the
proliferating basal cell compartment since these intact melano-
somes are more effective in preventing photodamage. Hence,
the modulation of melanosome degradation represents an
attractive therapeutic target for controlling skin cancer, espe-
cially under intensive sunlight exposure.

Materials and methods

Cell cultures, calcium-induced KC differentiation and UVA/
UVB radiation

Primary human epidermal MCs, human epidermal KCs, and
human dermal fibroblasts (HDFBs) were isolated from juvenile
foreskin tissues (skin phototype III/IV) as previously described
[22,23] with a minor modification. MCs and KCs were cultured
with complete Medium 254 and EpiLife medium, respectively,

(all from Cascade Biologics, Portland, OR, USA). All cells used
in our experiments were from passages 2 to 4. To induce KC
differentiation, KCs were cultured in the Epilife medium sup-
plemented with 0.06 mM calcium or 1.3 mM calcium, as
described previously [24]. HaCaT cells (human immortalized
KCs), HeLa cells (human cervical carcinoma cell) were pur-
chased from the China Center for Type Culture Collection
(Wuhan, China) and were routinely cultured in DMEM (Gibco,
Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum
(FBS, HyClone, Logan, UT, USA). In some experiments,
HaCaT were also grown in complete EpiLife medium. MNT1
human melanoma cells were generously provided by Dr. Vince
Hearing (Pigment Cell Biology Section, NCI, NIH, USA), and
were grown in DMEM supplemented with 20% FBS. All cells
were maintained at 37�C, 95% humidity and 5% CO2．For
UVA or UVB radiation, the cells were treated using a high dose
targeted phototherapy system (Daavlin, Bryan, OH, USA) with
a maximum wavelength at 350 or 311 nm, respectively. The
dosage of UVR used is indicated in the Figure Legends.

Preparation and treatment of melanocore-enriched
subcellular fractions

We used a previously described protocol to isolate the melano-
core-rich fraction [25–27]. Briefly, confluent monolayers of
human MCs or MNT1 were harvested and kept frozen at 2 £
106 cells per Eppendorf tube (1.5 mL). After thawing the frozen
cells, 1 mL cold lysis buffer, consisting of 0.1 M Tris-HCl, pH
7.5, 1% Igepal CA-630 (Sigma-Aldrich, I3021) and 0.01% SDS,
was added to the cells and was kept at 4�C for 20 min with mix-
ing every 10 min. After centrifugation (1 £ 103g for 5 min at
4�C), the supernatants were transferred to new Eppendorf
tubes (1.5 mL) and were centrifuged again in the same manner.
The supernatants were then further centrifuged (2 £ 104g for
5 min at 4�C) and the precipitates were washed twice with D-
PBS with brief and gentle mixing in order to avoid dispersion
and were then centrifuged again (2 £ 104 g for 5 min at 4�C).
The ultrastructures of melanocore pellets were then examined
using transmission electron microscope (TEM). To induce the
melanocore degradation, the melanocore specimens were
treated using the physical approach of multiple freeze-thaw
cycles and manual grinding using a glass Dounce homogenizer
(Wheaton, Millville, NJ, USA). The destruction/disruption of
the treated melanocores was confirmed and imaged at the ultra-
structural level using TEM.

Uptake and distribution of melanocores in KCs

Keratinocytes were incubated with melanocores isolated from
human MCs or MNT1 as described previously [28,29]. KCs
were plated at 2 £ 104 cells per well in 6-well cell culture plates.
Isolated melanocores were added at the same concentration per
well. The treated (broken) or untreated (intact) melanocores
were dropped on the cell cultures in excess, ranging from 1,000
to 2,000 melanocores per well. Following an incubation time of
48 h to allow melanocore uptake by KCs via phagocytosis, KCs
were rigorously washed 3 times with 1 £ PBS to remove the
non-incorporated melanocores. The melanocore-incorporated
KCs were further examined ultrastructurally as detailed below.
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Figure 7. Suppression of CTSV mRNA and enzyme activity in KCs exposed to UVA or UVB. (A) HaCaT cells were seeded into 6-well cell culture plates and were irradiated
with UVA (0, 3, 10 and 30 J/cm2) or UVB (0, 10, 30 and 100 mJ/cm2). The cells were harvested at 24 h post-irradiation. Protein and mRNA transcript levels of CTSV were
determined by western-blotting and semi-quantitative RT-PCR, respectively. Representative images of 3 experiments are shown. (B) qPCR was performed to measure
CTSV mRNA levels. The intensities of western-blot bands were quantified using Image J densitometry software. The levels of CTSV mRNA and protein are reported from 3
independent experiments. �P < 0.05, ��P < 0.01. (C) Cell lysates were prepared from KCs exposed to 30 mJ/cm2 UVB and then incubated with isolated melanocore speci-
mens at 37�C for 8 h. Representative TEM images show that UVB-exposed KCs have less of a destructive effect on melanocores than the unexposed control, as indicated
by the arrows. (D) Comparison of percentages of damaged melanocores from 3 independent experiments. �P < 0.05. (E) Enzyme activity of CTSV in UVB-exposed kerati-
nocyte lysates was estimated using the fluorogenic dipeptide substrate Z-Leu-Arg-AMC. Results are averages of 3 independent experiments. ��P < 0.01.
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The melanocore distribution in KCs was examined using
bright-field microscope.

Ultrastructural observations of melanocores by TEM

Cell samples and melanocore pellets were harvested and fixed
with 2% glutaraldehyde in D-PBS at 4�C for at least 2 h. After
washing twice with D-PBS for 15 min each, the cells were post-
fixed with 2% osmium tetroxide for 1.5 h. After fixation, they
were dehydrated in a graded series of ethanol and propylene
oxide, and embedded in epoxy resin (EPON) for 48 h at 60�C.
Ultrathin sections were cut and then stained with uranyl acetate
and lead citrate and were examined using TEM (Tecnai G2 20
TWIN, FEI, USA) at 200 kV. At least five TEM images were
randomly taken of each melanocore specimen. The Image J
software was used to quantify the grayscale values of the area
bounded by contour lines of the melanocores or spreading area
of the melanin pigment. The percentage of damaged melano-
cores was calculated to represent the efficacy of melanocore
degradation [30].

Comet assay

The modified comet assay for KCs was carried out according
to a previously described method [31]. KCs were co-cultured
with intact or damaged melanocores for 48 h and then were
exposed to UVA (3 J/cm2) or UVB (30 mJ/cm2). Immedi-
ately after UVA irradiation or 2 h after UVB irradiation,
treated KCs were collected and suspended in PBS, 25 ml KCs
(2 £ 106 cells/mL, counted by the trypan blue method) were
resuspended in 75 ml 0.75% low-melting-point agarose
(LMA) in PBS then transferred onto frosted glass microscope
slides precoated with 0.75% normal-melting-point agarose
(NMA) (warmed at 37 �C prior to use), and then carefully
covered with a coverglass at 4�C for 10 min. In other words,
slides were precoated with the first layer of 0.75% NMA,
then with a second layer of the cell suspension in 0.75%
LMA, and then were coated with the third layer of 0.75%
LMA, and stored at 4�C for 10 min to allow solidification.
Finally, the coverglasses were removed, and the slides were
immersed in lysis solution (2.5 mM NaCl, 100 mM
Na2EDTA, 10 mM Tris base (pH 10.0) and 1% Triton X-
100) at 4�C for 1.5 h. After lysis, each slide was immersed in
fresh electrophoresis solution (300 mM NaOH, 1 mM
Na2EDTA, pH 13.0) for 20 min to allow DNA unwinding
and the expression of single-strand breaks and alkali-labile
sites. Electrophoresis was conducted at 4�C for 20 min
(25 V/300 mA). After electrophoresis, slides were neutralized
(400 mM Tris, pH 7.5) and stained with Goldview (SBS Gen-
etech Co., Ltd., Shanghai, China). The comet images were
observed and photographed at 400 £ magnifications using a
fluorescence microscope (Olympus BX51, Japan). DNA dam-
age was analyzed by CASP software (available at http://www.
casp.of.pl). At least five fields of 100 cells were randomly
selected of each sample. The percentage of DNA in the
comet tails (%Tail DNA) was measured. To prevent addi-
tional DNA damage, all steps described above were per-
formed under dimmed light.

Detection of DNA damage by immunofluorescent staining

Immunofluorescent staining of 8-oxo-dG and CPDs was per-
formed as described previously [32]. Five £ 104 KCs per ml
were seeded into 6-well culture plates containing sterile cover-
slips. After overnight culture, the medium was replaced with
fresh medium containing isolated melanocores. After an addi-
tional 48 h incubation, the cells were washed with warm PBS
3 times to remove non-incorporated melanocores, and the cells
were then irradiated with 3 J/cm2 UVA or 30 mJ/cm2 UVB.
The cells were immediately fixed in 4% paraformaldehyde in
PBS for 15 min at room temperature, permeabilized with 0.5%
Triton X-100/PBS for 15 min, followed by 3 washes with PBS.
Two N HCl was added to each well for 30 min at 37�C and neu-
tralized with 50 mM Tris base. The coverslips were rinsed
3 times with PBS and blocked with 10% normal goat serum for
1 h at 37�C. The primary antibodies, anti-CPD (Cat#:
NMDND001, Cosmo Bio, Tokyo, Japan) or anti-8-oxo-dG
(Cat#: 4354-MC-050, Trevigen, MD, USA), were diluted in
antibody diluent buffer and were layered on the coverslips at
4�C for 16–18 h. The secondary antibody, goat anti-mouse IgG
(H+L) conjugated with Alexa-488 (Invitrogen, Carlsbad, CA,
USA), was diluted to 1:200 with antibody diluent buffer and
was incubated with the cells on coverslips for 1 h at 37�C. The
secondary antibody solution was then decanted and slides were
washed 3 times with PBS for 5 min each in the dark. Mounting
medium containing 4’, 6-diamidino-2-phenylindole (DAPI)
(1.5 mg/ml) (Vector Laboratories, Burlingame, CA, USA) was
used for counterstaining. Images were obtained using a laser
scanning confocal microscope (FV1200; Olympus Corporation,
Tokyo, Japan). At least ten images were taken of each coverslip,
and the mean intensity was measured in triplicate experiments.
The mean intensities of 8-oxo-dG and CPDs were quantified
using Image J software (NIH, Bethesda, MD, USA).

Fenton reaction and hydroxyl radical measurement using
a spin trapping assay

The effects of melanocore specimens on hydroxyl radical
(�OH) generation in the Fenton reaction were studied using a
spin trapping method, according to our previous report [33].
FeSO4 was dissolved in distilled water, while all other solutions
were dissolved in 0.1 M phosphate buffer (pH 7.4). The spin
trap compound 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
was purchased from Sigma Chemical Co. (St. Louis, MO. Cata-
log# D5766). Each reaction was carried out in a total of 50 ml
in an Eppendorf tube containing 260 mM H2O2, 0.4 mM
FeSO4, 400 mM DMPO and identical amounts of treated or
untreated melanocores as noted. In the control, metal-free
water was substituted for the sample. The Fenton reaction was
initiated by the addition of H2O2, and then 50 ml of each reac-
tion mixture was placed in an ESR quartz flat cell. Exactly 20 s
after the addition of H2O2, the ESR spectra of the DMPO-�OH
spin adducts were recorded at room temperature using a
Bruker ER 200D-SRC ESR spectrometer (Bruker Analytische
Messtechnik GmbH, Rheinstetten, Germany) operating at
9.53 GHz microwave frequency, 20 mW microwave power,
100 kHz modulation frequency and 0.05 mT modulation
amplitude. �OH scavenging activity was calculated using the
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equation: �OH scavenging activity = [1-(H/H0)] £ 100%, in
which H and H0 represent relative peak heights (amplitude) of
the second peak of the DMPO-�OH spin adduct with or with-
out sample, respectively.

Semi-quantitative RT-PCR and quantitative real-time PCR
(qPCR)

Total RNAs were isolated from HaCaT or KCs using Trizol
reagent (Invitrogen, Eugene, OR, USA) according to the instruc-
tions of the manufacturer. cDNAs were synthesized from total
RNAs using a Moloney murine leukemia virus reverse transcrip-
tase (M-MLV) first strand kit (Invitrogen, Shanghai, China).
PCR was performed in triplicate with SYBR Green PCR core
reagents (Applied Biosystems, Foster City, CA, USA), 50 ng
cDNA, 1 mM forward and reverse primers for the CTSV gene
(forward: 5’-TTCCGTGAGCCTCTGTTTCT-3’; reverse: 5’-
CGAATTTGCTCCTTCAAAGC-3’) or (forward: 5’-GGAAGG-
CAACACACAGAAGA-3’; reverse: 5’-TGTTTCCCTTGGCTG-
TATTC-3’) were used to produce amplicons of 558 bp and
118 bp, respectively, for RT-PCR and qPCR. The housekeeping
gene b-actin (ACTB) was used as an endogenous internal con-
trol (forward primer 5’-AGCGAGCATCCCCCAAAGTT-3’,
reverse primer 5’-GGGCACGAAGGCTCATCATT-3’) with a
product size of 285 bp. Real-time PCR was performed using
ABI 7500 and cycle parameters: denaturation at 95�C for 30 s,
followed by 40 cycles of 95�C for 5 s, 60�C for 4 s, and 72�C
for 30s. The purity of each PCR product was checked by disso-
ciation curve analysis as well as by running the samples on 1%
agarose gels. Fold change values were calculated using the for-
mula of 2^44Ct.

Western blotting analysis

Cells were harvested and washed in PBS and lysed in extraction
buffer containing 1% Nonidet P-40, 0.01% SDS and a protease
inhibitor cocktail (Roche, Indianapolis, IN, USA). Protein con-
tents were determined using a BCA assay kit (Pierce, Rockford,
IL, USA). Equal amounts of each protein extract (20 mg per
lane) were resolved using 10% SDS polyacrylamide gel electro-
phoresis (SDS-PAGE). Following transblotting onto Immobi-
lon-P membranes (Millipore, Bedford, MA, USA) and blocking
with 5% nonfat milk in saline buffer, the membranes were incu-
bated with anti-human Cathepsin V antibody (Cat#: ab166894,
Abcam, Cambridge, MA, USA), anti-human Pmel 17/gp100
(Cat# ab137062, Abcam), anti-human tyrosinase (Cat#
ab61294, Abcam) at a 1:1,500 dilution, or with an anti-GAPDH
antibody (Santa Cruz, Santa Cruz, CA, USA) at a dilution of
1:1,000, for 1 h at room temperature. The membranes were
then washed and incubated with HRP-conjugated anti-rabbit
IgG (Pierce) at a dilution of 1:2,000 for 1 h at room tempera-
ture. Membranes were then washed again and specific bands
were visualized using a chemiluminescent reaction (ECL;
Amersham, Piscataway, NJ, USA).

CTSV activity assay with fluorogenic peptide substrates

CTSV enzyme activity was estimated using the fluorogenic
dipeptide substrate, Z-Leu-Arg-AMC (Enzo Life Sciences Inc.,

Farmingdale, NY, USA) as previously described [15]. For sam-
ple preparation, confluent KCs were collected using a cell
scraper and were broken using an ultrasonicator, and then cen-
trifuged (12,000g for 10 min at 4�C), after which the superna-
tants were collected and stored at ¡80�C until use. Protein
concentrations were determined using a BCA assay kit and
were utilized at 10 mg in 100 mL assay buffer (25 mM sodium
acetate, 0.1 M NaCl, 5 mM dithiothreitol, pH 5.5). Catalytic
activity was monitored by measuring fluorescence from sub-
strate hydrolysis at (excitation 360 nm, emission 460 nm) in a
SynergyTM HT Multi-Mode Microplate Reader (BioTek Instru-
ments, Winooski, VT USA) for 30 min at 37�C.

In vitro membrane-toxicity assay by KC lysates or
recombinant human CTSV

KCs were seeded at exponential phase in 6-well plates. For
UVB irradiation, the medium was changed to warm PBS, and
KCs were exposed to 30 mJ/cm2 UVB. Control cells were
mock-irradiated at the same time. For preparation of cell
lysates, confluent KCs were collected using a cell scraper, and
were prepared by sonication and centrifuged (12,000g for
10 min), and finally the supernatant was stored at ¡80�C until
use [15]. To determine the effect of KC lysates on the melano-
core fraction, the purified melanocores were incubated with KC
lysates in 500 ml assay buffer (25 mM sodium acetate, 0.1 M
NaCl, 5 mM dithiothreitol, pH 5.5) at 37�C for 8 h. Meanwhile,
melanocore specimens were also incubated with 1 mg/mL
rhCTSV (Cat #: 1080-CY, R&D System, Minneapolis, MN,
USA) in assay buffer, which was used as the positive control.
After treatment, the samples were washed with 500 ml buffer
and centrifuged (2,000 g for 10 min). The pelleted melanocores
were immediately fixed with a 2.5% glutaraldehyde solution for
analysis by TEM. At least five TEM images were randomly
taken of each melanocore specimen. The percentage of dam-
aged melanocores was calculated to represent the efficacy of
melanocore degradation.

siRNA-induced CTSV mRNA knockdown

Small interfering RNA (siRNA) duplexes targeting CTSV
(Cat#: sc-44526) and a non-targeting scrambled control (Cat#:
sc-37007) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). HaCaT or KCs were seeded in 6-well
plates. CTSV siRNA or the scrambled control was mixed with
siRNA transfection medium (Cat#: sc-29528, Santa Cruz) and
dropped onto the cells according to the manufacturer’s instruc-
tions. The efficiency of CTSV knockdown by these siRNAs was
tested using RT-PCR and western blotting.

Statistical analysis

Data are expressed as means § SD from at least 3 independent
experiments, and SPSS 19.0 version was used to analyze the
data. Statistical differences were determined by Student’s t-test
or one-way analysis of variance (ANOVA). Statistical analyses
were performed using GraphPad Prism (San Diego, CA, USA).
Asterisks indicate significant differences, P < 0.05.
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