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FIGURE 4. Effect of siRNA for MITF on the IBMX-stimulated promoter
activity of the tyrosinase gene. HSP70-overexpressing B16 cells (HSP70.+4 )
ormock transfectant control cells (HSP70=) were transiently transfected with
not only pRL-SV40 and pGL4-tyrosinase-luc but also with siRNA for MITF
(SIMITF) or non-silencing siRNA (Control). After 24 h; the cells were incubated
for 24 h with or without 100 umIBMX: Luciferase activity was measured and
expressed as described in the legend of Fig. 2. Values are givervas the mean =
5.D. (n = 3).**, p < 0.01;n.s., not significant. Whole cell extracts were analyzed

by immunoblotting as described in the legend of Fig. 3 : -

with MITF to modulate its effect on transcription of the tyro-
sinase ‘gene. ‘At first, we examined the physical interaction
between HSP70 and MITF by a co-immunoprecipitation assay;
we immunoprecipitated HSP70 and looked for the presence of
MITF. Efficient precipitation of HSP70 was observed ina man-
ner that was dependent on both the overexpression of HSP70
(Fig. 5A) and the specific antibody (data not shown). MITF was
co-immunoprecipitated, and this co-immunoprecipitation was

stimulated by overexpression of HSP70 (Fig. 5A). We also per-

formed a reciprocal co-immunoprecipitation assay; we immniu-
noprecipitated MITF:-and looked for the presence of HSP70.
Efficient precipitation of MITF was observed in a manner that
was dependent on the specific antibody (data not shown), and
HSP70 was co-immunoprecipitated (Fig. 54). These results
suggest that HSP70 can physically interact with MITF.

We also examined the interaction using purified proteins.
After incubation of purified glutathione S-transferase (GST)-
fused MITF “and 'HSP70, we precipitated GST-MITF and
looked for the presence of HSP70. As shown in supple-
- mental Fig. 3, precipitation of HSP70 was observed with full-
length GST-MITF (GST-MITE-1) but not with GST alone, sug-
gesting the direct interaction between MITF and HSP70. We
also constructed a series of deletion mutants of GST-MITF to

identify the domain of MITF responsible for its interaction with:

HSP70. .Deletion of the N-terminal region of MITF (1-99
amino acid residues) diminished the interaction with HSP70,

and the N-terminal fragment of MITF (1-99 amino acid resi- ‘
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dues) interacted with HSP70, suggesting that this region is
responsible for the interaction (supplemental Fig. S3).

We then tested the co-localization of HSP70 and MITF by
immunoblotting and immunostaining assays. As shown in Fig.
5B, MITF was detected in the nuclear extract irrespective of
whether HSP70 ‘was overexpressed, and HSP70 was also
detected in the nuclear extract from cells overexpressing
HSP70butnot in extract from control cells. These observations
were confirmed by an immunostaining assay; MITF localized in
the nucleus irrespective of the overexpression of HSP70, and
HSP70localized in the nucleus in a manner that was dependent
on its overexpression (Fig. 5C). As a result, co-localization of
HSP70 and MITF in the nucleus was observed.in HSP70-over-
expressing cells (see the Merge panel in Fig. 5C).

We then examined the effect of HSP70 overexpression on the
specific binding of MITF to the promoter of the tyrosinase gene
by chromatin immunoprecipitation assay. As shown in Fig. 6,
DNA fragments containing the promoter of tyrosinase gene
were precipitated with antibody against MITF more efficiently
than control DNA fragments, suggesting that MITF specifically
binds to the promoter of the tyrosinase gene in cells. We also

. found that this binding was stimulated by treatment of cells

with IBMX, and HSP70 overexpression significantly inhibited
this binding (Fig. 6). Results in Fig. 6 also suggest that HSP70

 does not bind to the promoter of the tyrosinase gene so appar-

ently in cells. , o
Finally, we examined the effect of HSP70 on the transcription
of the tyrosinase gene in nuclear extract. DNA fragments con-

 taining the promoter region of the tyrosinase or grp78 (control)

were incubated with nuclear extract to promote the transcrip-
tion, and transcripts were detected by autoradiography after
separation on polyacrylamide gel electrophoresis. The band
with the expected size was detected depending on the template
DNA and nuclear extract (data not shown), showing that the
band corresponds to the transcript of tyrosinase or grp78.
The intensity of bands corresponding to the transcript of
tyrosinase but not that of grp78 increased by treatment of
cells with IBMX (Fig. 74). As shown in Fig. 74, the intensity
of band corresponding to the transcript of tyrosinase was
lower with extracts prepared from HSP70-overexpressing cells
treated with IBMX than those from control cells treated with
IBMX. Such effect was not observed for the band corresponding
to the transcript of grp78 (Fig. 7A). Furtheérmore, the addition of
purified HSP70 to extract prepared from control cells decrease
the intensity of band corresponding to the transcript of tyrosi-

nase but not of grp78 (Fig. 7B). These results suggest that HSP70 -

directly suppresses the transcription of the tyrosinase.

Effect of Expression of HSP70 on. UVB-induced Melanin Pro-
duction in Vivo—Finally, we tested the in vivo relevance of our
in vitro results using transgenic mice expressing HSP70. The
transgenic mice and wild-type mice were exposed to UVB irra-
diation for 8 days, and the melanin content was estimated by
Fontana-Masson staining of sections or by a narrow-band sim-
ple reflectance meter (Mexameter). For this we used the fail
skin because murine tail skin resembles human skin, as epider-
mal melanocytes are present and UV-dependent melanin pro-
duction has been observed (52). We confirmed the overexpres-
sion of HSP70 in the skin of the transgenic mice by an
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FIGURE 5. Physical intefaction between MITF and HSP70 and their intracellular co-localization. HSP70-
overexpressing B16 cells (HSP70 +) or mock transfectant control cells (HSP70 — ) were incubated for 3 hwith or
without 100 1imIBMX (A=C), and whole cell extracts (WCE) were prepared (A and B). WCE were im munoprecipi-
tated with antibodies against HSP70 (IP (a-HSP70)) or those againist MITF. (P (a-MITF)) (A); o nuclear extracts
were prepared from whole cell extracts (B). Each fraction was analyzed by immunoblottirig as described in the
legend of Fig. 1 (A and B). After fixation, samples were incubated with antibody against HSP70 or MITF. After
incubation with the respective secondary antibody, cells:were inspected using fluorescence microscopy. The
left three panels are the magnified image of the right three panels. Scale bar, 20 jum (C). :

Mock

HSP70

(B16)- and showed that artificial
overexpression of HSP70 also sup-
presses melanin: production, sug-
gesting that up-regulation of HSP70
expression is involved in the inhibi-
tory effect of heat treatment on mel-
anin. production. . Other mecha-
nisms; suchas activation of ERK and
inhibition of p38 MAPK, may also
contribute to the inhibitory effect of
heat treatment on melanin produc-
tion (35, 36). Furthermore, a de-
crease in the level of MITF after heat
treatment (supplemental Fig. S2,
E and F) should be involved in the
inhibitory effect of heat treatment
on melanin production:

Because HSPs are known to affect
the intracellular traffic of vesicles, it
is possible thatexpression of HSP70
affects the intracellular traffi¢ of
melanosomes, - resulting in  alter-
ations to the amount of melanin in
the culture medium. However, as
well "as. heat treatment, artificial
overexpression of HSP70 decreased
the amount of melanin not only in
the culture medium but also in cell
extracts. - This -suggests that the

Zs1

immunoblotting assay (data not shown). As shown in Fig. 84,
an increase in melanin staining at the basal layer of the epider-
mis (the dermal/epidermal border) was observed in the wild-
type mice after UVB irradiation, but this increase was not so
obvious in sections prepared from the transgenic mice express-
ing HSP70. Measurement of melanin content by a Mexameter
also showed that the melanin content was lower in the UVB-
treated transgenic mice expressing HSP70 than in the wild-type
controls (Fig, 88). Wealso found that heat treatment of tail skin
caused overexpression of HSP70 and a lower level of melanin
conterit after irradiation with UVB (supplemental Fig. $4).

DISCUSSION

It has been reported that heat treatment of mouse mela-
noma cells (Mel-Ab) suppresses melanin production; how-
ever, it is not clear whether up-regulation of expression of

decrease in the amount of melanin
in the culture medium cannot be simply explained by the alter-
ation of intracellular traffic of melanosomes and that synthesis
of melanin by melanosomes is suppressed by overexpression of
HSP70. In fact, we found that the activity and expression. of
tyrosinase (a rate-limiting enzyme in the synthesis of melanin)
are suppressed in cells overexpressing HSP70. It is well known
that the activity of tyrosinase is regulated mainly at the level of
transcription, and we found by real-time RT-PCR analysis and
luciferase reporter assay that the transcriptional activity of the
tyrosinase gene is suppressed in cells overexpressing HSP70.
Furthermore; in cells transfected with siRNA specific for MITE
(a key transcription factor regulating the transcription of the
tyrosinase’ gene), overexpression of HSP70 did not affect the
promoter activity of the tyrosinase gene, suggesting that MITE
plays an important role in HSP70-dependent regulation of the

transcription of the tyrosinase gene.
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FIGURE 6. The binding of MITF to the promoter of the tyrosinase gene in
cells. HSP70-overexpressing B16 cells (HSP70 -+) and mock transfectant con-
trol cells (HSP70:-) were incubated for 24 h with or without 100 im IBMX.
Whole cell extracts were immunoprecipitated with an antibody against MITF
or HSP70. DNA fractions were prepared from the immunoprecipitated sam-
ples, and whole cell extracts and subjected toreal time RT-PCR with specific
primer sets for the tyrosinase promoter (upper panely and gapdh gene (lower
panel). Values are expressed relative to the input DNA (whole cell extracts)
and are given as mean = S.D. (1= 3). %%, p < 0.01; %, p < 0.05.
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FIGURE 7. Effect of HSP70 on the transcription of the tyrosinase gene in
nuclear extract. HSP70-overepressing B16 cells (HSP70 -+ ) or mock transfec-
tant control cells (HSP70 =) were incubated for 3 h with or without 100 M
IBMX, Nuclear extracts were prepared and incubated with DNA fragmenits
containing the tyrosinase or grp78 promoter region in the presence (B) or
absence {A) of indicated amounts of purified HSP70 (B). Isolated RNAs were
electrophoresed on a 15% polyacrylamide gel and autoradlographed

The pathway of activation of adenylate cyclase followed by an
increase in the intracellular cAMP level and activation of pro-
tein kinase 'A/cAMP response element-binding protein has
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FIGURE 8. Effect of overexpresswn of HSP70 on UVB-mduced melanin
production in theskinin vive, Transgenic mice expressing HSP70 (HSP70 Tg)
and wild-type mice (C57/BL6) were irradiated with 180 mJ/cm? UVB once per
2 days for 8 days (totally 4 times) (4 and B): Sections were prepared fromi the

tail skin and subjected to Fontana-Masson staining (A). The amount of mela- . -

nin in the tail skin' was measured as described under "Experimental Proce-
dures.” Values are given as the mean = S.E (n = 17). %%, p.< 0.01 (B).

been proposed to play an important role in the UV-induced
expression of tyrosinase mainly-through induction of MITE
expression (7). In this study we have confirmed that IBMX up-
regulates the expression of MITF. However, surprisingly, over-
expression of HSP70 did notaffect this up-regulation. Thus, we
propose an alternative mechanism for the inhibitory effect of
HSP70 on expression of the tyrosinase gene; HSP70 directly
binds to MITF in the nucleus and inhibits its specific binding
to the promoter of the tyrosinase gene. This is based on the
following results; HSP70 can physically interact with MITF
(co-immunoprecipitation assay), overexpressed HSP70 co-
localized with MITF in the nucleus (co-immunostaining
assay), overexpression of HSP70 inhibited the specific bind-
ing of MITF to the promoter of the tyrosinase gene (chroma-
tin immunoprecipitation-assay), and HSP70 inhibited the
transcription of the tyrosinase gene in nuclear extract.

On the other hand, it has been reported that heat treatment
suppresses the promoter activity of the milf gene and sup-
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presses the expression of MITF through inhibition of protein
phosphatase 2A and ERK activation (36) Furthermore, it was
suggested that heat treatment suppresses the activity of tyro-
sinase through p38 MAPK suppression (35). Thus, the inhibi-
tory effect of heat treatment on melanin production would be
mediated not only by expression of HSP70 but also by ERK
activation and p38 MAPK suppression.

We also suggest that the expression of HSP70 suppresses
UVB-induced synthesis of melanin i1 1ivo; transgenic mice
expressing HSP70 showed a smaller UV-dependent increase in
the melanin content of the skin than wild-type mice. We have
considered that the mechanism that s suggested by our ir vitro
studies is responsible for this in vivo phenomenon. Because
hypopigmenting reagents are useful as drugs and cosmetics, a
number of compounds that inhibit tyrosinase and/or MITF
have been discovered; however, most of their cosmetic and
pharmaceutical applications have not been successful due to
skin irritation and permanent depigmentation (53). This seems
tobe due to the fact that UV-induced melanogenesis has a pro-
tective role against UV-induced skin damage. Based on the
results of this study, we propose that non-toxic HSP70-induc-
ers could be cosmetically and pharmaceutically beneficial
because HSP70 protects keratinocytes from UV-induced cell
damage both in vitro and in vivo (24; 29-33). Eurthermore,
human HSP70 has been reported to stimulate deoxyribonucleic
acid base excision repair by its direct binding to human AP
endonuclease and uraci] DNA glycosylase (54). In E. coli, an
HSP70 homiologue (Dnak) stimulates the nucleotlde excision
repair of damiaged DNA by maintaining repair proteins in their
properly folded state (55), suggestmg that human HSP70 may
also stimulate nucleotide excision repair. We recently found
that expression of HSP70 suppresses UV-induced DNA dam-
age and stimulates its repair process at the skin in mice (56).
Other beneficial - effects of HSP70,- such as- stimulation of
wound-healing at the skin and anti-aging activity have also been
suggested (57-60). Furthermore, because recent reports sug-
gest that MITF is an onicogeneé and its activation is involved in
the progression of melanoma (61), the inhibitory effect of

HSP70 on MITFE would be beneficial for the prevention of UV-

induced melanoma, We have already screened for non-toxic
HSP70 inducers from natural products and found that some of
their HSP-inducing activities were more potent than gera-
nylgeranylacetone (62). We hope to develop some of these as
whitening cosmetics or drugs for melanin-related diseases:
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