(13). Synthesized melanin in the melanosomes in melanocytes
is distributed and transported to the surrounding keratinocytes
where it forms a melanin cap that acts as a filter to limit the
penetration of UV into the epidermis and dermis (14). Melanin
alsoacts as a scavenger of UV--produced reactive oxygen species
that are also responsible for UV-dependent skin damage and

evelopment of skin cancer (15) Thus, identification of a
mechanism that not only suppresses melanin production but
also protects the skin from UV-induced damage is important
for developing hypopigmenting agents (skin whitening agents)
without worsening UV-induced skin damage.

“When cells are exposed to stressors, a number of so-called
stress proteins are induced to confer protection against such
stressors. HSPs are representative of these stress proteins, and
their cellular up-regulation of expression, especially that of
HSP70, provides resistance as the HSPs re-fold or degrade
denatured proteins produced by stressors such as reactive oxy-
gen species (16). Because stressor-induced tissue damé_ge is
involved in various diseases, HSPs and HSP inducers have
received much attention for their therapeutic potential. For
example, we have shown using transgenic mice that HSP70 pro-
tects the gastrointestinal tract from development of gastric and
small intestinal lesions and inflammatory bowel disease (17—
20). Interestingly, geranylgeranylacetone, a leading anti-ulcer
drug on the Japanese market, has been reported to be a non-
toxic HSP-inducer, up-regulating various HSPs not only in cul-
tured gastric mucosal cells but also in various tissues, including
the gastric mucosa in vivo (21). It was recently reported that
geranylgeranylacetone suppresses inflammatory bowel dis-

ease-related experimental colitis and lesion of small intestine

(19, 22, 23). Based on these results, it is expecféd that non-toxic
HSP inducers, including geranylgeranylacetone, will be thera-
peutically beneficial for various types of diseases.

It is known that various HSPs are constitutively expressed in
the skin, and their expression, especially that of HSP70; is up-
regulated by stressors such as heat treatment (24, 25). UV irra-
diation of keratinocytes induces the expression of HSPs not
only in vitro but also, in vivo (25-29). Furthermore, artificial
expression of HSP70 in keratinocytes and melanocytes confers
protection against UV not only in vitro (24, 29 -32) but also in
vivo; a sensitive phenotype of HSP70-null mice to UV-induced

epidermal and dermal damage has been reported (33). Further-

more, protection of the skin against UV by expression of HSP70
has been suggested to occur in human skin (34). Therefore, if
HSP70 can suppress melanin production, non-toxic HSP70
inducers should be beneficial as hypopigmenting agents
because they can suppress melanin production while. simulta-
neously protecting the skin against UV. It was recently reported
that heat treatment of cultured melanoma cells suppresses mel-
anin production; however, the contribution of HSPs to this sup-
pression was not tested (35, 36). In this study we reproduced
this suppression in another mouse melanoma cell line (B16)
and found that in these cells artificial overexpression of HSP70
also suppresses melanin production. We also found that UVB
irradiation-induced production of melanin in the epidermis
was suppressed in transgenic mice expressing HSP70. Based on
these results, we propose that non-toxic HSP70 inducers will be
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pharmaceutically and cosmetically beneficial as hypopigment-
ing agents. '

EXPERIMENTAL PROCEDURES

Materials and Animals—Dulbecco’s modified Eagle’s medium
was obtained from Nissui Pharmaceutical Co. [a-*?P]GTP
(6000 Ci/mmol) was from MP Biomedical. The RNeasy kit and
HiPerFect transfection reagent were from Qiagen. Prime-
Script® 1st strand cDNA synthesis kit was purchased from
TAKARA Bio, and iQ SYBR Green Supermix was from Bio-
Rad. Fetal bovine serum), melanin, 3-isobutyl-1-methylxan-
thine (IBMX), and a-MSH were from Sigma. Dynabeads
Protein G, Lipofectamine (TM2000), Alexa Fluor 488 goat anti-
mouse immunoglobulin G, and Alexa Fluor 594 goat anti-rab-
bit immunoglobulin G were purchased from Invitrogen: Anti-
bodies against tyrosinase and actin were obtained from Santa
Cruz. Antibodies against HSP70, HSP25, HSP47, HSP60, and
HSP90 were from Stressgen. An antibody against MITF was
obtained from Thermo Scientific. L-DOPA was from Nacalai,
and the Dual Luciferase Assay System and NTP mixture were .
from Promega. Transgenic mice expressing HSP70 and their
wild-type counterparts (8 —10 weeks old, male) were gifts from
Drs. C. E. Angelidis and G. N. Pagoulatos (University of loan-
nina, Greece) and were prepared as described previously (17).
Homozygotic male transgenic mice were used in the experi-

‘ments. The experiments and procedures described here were

carried out in accordance with the Guide for the Care and Use
of Laboratory Animals as adopted and promulgated .by the
National Institute of Health and were approved by the Animal
Care Committee of Kumamoto University.

Cell Culture—B16 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 pg/ml streptomycin in a
humidified atmosphere of 95% air with 5% CO, at 37 °C. Trans-

fection of B16 cells with pcDNA3.1 containing the hsp70 gene

(37) was carried out using Lipofectamine (TM2000) according
to the manufacturer’s protocol. The stable transfectants ex-
pressing HSP70 were selected by immunoblotting and real-
time RT-PCR analyses. Positive clones were maintained in the

. presence of 200 pug/ml G418,

Immunoblotting Analysis—Whole cell extracts were pre-
pared as described previously (38). The protein concentration
of each sample was determined by the Bradford method (39).
Samples were applied to polyacrylamide SDS gels and subjected
to electrophoresis after which proteins were immunoblotted
with each antibody.

Determination of Melanin Content in Vitro—Melanin con-
tent was determined as described previously (40, 41) with some
modifications. Cells were homogenized with 1 N NaOH. The
melanin content of the cell extracts and the culture medium
was determined by measuring the absorbance at 405 nm with a
plate reader (Fluostar Galaxy).

Tyrosinase Activity Assay—Tyrosinase activity was assayed
as described previously (42) with some modifications. Cells
were washed with phosphate-buffered saline and homoge-
nized with 20 mm Tris/HCI (pH 7.5) buffer containing 0.1%
Triton X-100. Tyrosinase activity (oxidation of L-DOPA to
DOPAchrome) was monitored as follows. Cell extracts (50
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ul) were mixed with 100 ul of freshly prepared substrate
solution (0.1% L-DOPA in phosphate-buffered saline) and
incubated at 37 °C. The production of DOPAchrome was
monitored by measuring the absorbance at 475 nm with a
plate reader (Fluostar Galaxy) and corrected for auto-oxida-
tion of L-DOPA. ‘ .
Real-time RT-PCR Analysis—Real-time RT-PCR was per-
. formed as previously described (43) with some modifications.
Total RNA was extracted from cells using an RNeasy kit
according to the manufacturer’s protocol. Samples (2.5 ug of
RNA) were reverse-transcribed using a first-strand cDNA syn-
thesis kit. Synthesized cDNA was used in real-time RT-PCR
(Chromo 4 instrument (Bio-Rad)) experiments using iQ SYBR
Green Supermix and analyzed with Opticon Monitor Software.
Specificity was confirmed by electrophoretic analysis of the
reaction products and by inclusion of temiplate- or reverse tran-
scriptase-free controls. To normalize the amount of total RNA
present in each reaction, glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) cDNA was used as an internal standard. -

Primers were designed using the Primer3 website. The
- primers used were (forward and reverse primers, respectively):
tyrosinase, 5'-cctcctggcagatcatttgt-3' and 5'-ggttttggctttgtcat-

ggt-3'; gapdh, 5'-aactttggcattgtggaagg-3’ and 5'-acacattggggg- |

taggaaca-3'; mitf, 5'-ctagagcgcatggactttcc-3' and 5'-aca-
agttcctggetgeagtt-3'. '

SiRNA Targeting of Genes—We used siRNA with the se-
quences of 5'-agcaguaccuuucuaccacdTdT-3' and 5'-gugguag-

aaagguacugcudTdT-3’ as annealed oligonucleotides for re-

pressing MITF expression. Cells were transfected with siRNA
using HiPerFect transfection reagent according to the manu-
facturer’s instructions. Non-silencing siRNA (5’-uucuccgaacg-
ugucacgudTdT-3’ and 5’-acgugacacguucggagaadTdT-3') was
used as a negative control. =

Luciferase Reporter Assay—The plasmid, pGL4-tyrosinase-
luc (44), was a gift from Dr. M. Funaba (Kyoto University). The
luciferase assay was performed as described previously (44, 45).
Cells were transfected with 1 ug of each of the Photinus pyralis
luciferase reporter plasmids (pGL4-tyrosinase-luc) and 0.125
pg of an internal standard plasmid bearing the Renilla renifor-
mis luciferase reporter (pRL-SV40). P. pyralis luciferase activity
in the cell extract was measured using the Dual Luciferase

Assay System and then normalized for Renilla reniformis lucif-*

erase activity. ,

Co-immunoprecipitation Assay—Immunoprecipitation was
carried out as described previously (46) with some modifica-
tions. Cells were harvested, lysed, and centrifuged. The anti-
body against HSP70 or MITF was added to the supernatant, and
the samples were incubated for 12 h at 4 °C with rotation. Dyna-
beads Protein G was added and incubated for 2 h at 4 °C with
rotation. Beads were washed four times, and proteins were
eluted by boiling in SDS sample buffer.

Immunostaining Microscopy—After fixation with 4% para-

formaldehyde, cells were incubated with antibody against

HSP70 or MITF for overnight. Samples were further incubated
with the respective secondary antibody. We acquired images
with a confocal fluorescence microscope (Olympus FV500).
Chromatinlmmunoprecipitation Assay— A chromatinimmu-
noprecipitation assay was done as described previously (47)
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with some modifications. Cells were cross-linked with 1%
formaldehyde for 10 min at 25 °C. After the addition of 125 mm
(final concentration) glycine, cells were harvested and sus-
pended in the lysis buffer (10 mm HEPES, 1.5 mm MgCl,, 10 mm
KCl, 0.5 mm dithiothreitol, 0.1% Nonidet P-40, and protease
inhibitors). After 10 min of incubation on ice, cells were centri-
fuged to pellet the nuclei. Nuclei were then suspended in the
nuclei lysis buffer (50 mm Tris/HC1 (pH 8.1), 10 mmM EDTA, 1%
SDS, and protease inhibitors). Samples were sonicated 30 times
for 10 s (to achieve an average fragment size of 0.5-1 kb).
Immunoprecipitation was performed with magnetic beads that
were coated with protein G and antibody against MITF or
HSP70. Precipitates were washed, processed for DNA purifica-
tion, and subjected to real time RT-PCR.

The primers used were (forward and reverse primers, respec-

tively): tyrosinase promoter, 5'-gtctacttatgatctctaaatacaacagg-

cttg-3" and 5’-tcatacaaaatctgcaccaataggttaatgagtg-3'; gapdh,
5'-acccagaagactgtggatgg-3’ and 5'-cacattgggggtaggaacac-3'.
In Vitro Transcription Assay—In vitro transcription assay

~ was done as described (48) with some modifications. Nuclear

extracts (5 pug protein) were incubated with DNA fragments
containing the tyrosinase promoter and transcribed region
(—270/+59) or the glucose-regulated protein (grp78) promoter
and transcribed region (—304/+253) in the buffer containing
20 mM HEPES/KOH (pH 7.9), 100 mm KCI, 0.5 mum dithiothre-
itol, 1 mm EDTA, 20% glycerol, 0.4 mm ATP, 0.4 mm CTP, 0.4
mm UTP, 0.016 mm GTP, [a->*P]GTP, and 4 mm MgCl, for 60
min at 30 °C. Isolated RNAs were resolved by electrophoresis
on 15% polyacrylamide gel containing 7 M urea. The gel was
dried and autoradiographed.

Assay for Melanin Production in Vivo—Animals were
exposed to UVB irradiation with a double bank of UVB lamps
(peak emission at 312 nm, VL-215LM lamp, Vilber Lourmat).
The energy of the UV was monitored by radiometer sensor
(UVX-31, UV Products). Skin reflective colorimetric measure-
ments were assessed with a narrow-band simple reflectance
meter (Mexameter MX18, Courage-Khazaka). The measure-
ment was done for four parts of the skin, and the mean was
calculated. The measurement area was 5 mm in diameter, and
the instrument was calibrated using black and white calibration
plates. Skin biopsies were harvested and processed for Fontana-
Masson staining, as described (49). '

Statistical Analysis—All values are expressed as the mean =+
S.D. or S.E. Two-way analysis of variance followed by the Tukey
test was used to evaluate differences between more than three
groups. Differences were considered to be significant for values
of p < 0.05. ‘

RESULTS

Inhibition of Melanin Production by Expression of HSP70—
As mentioned above, it has been reported that heat treatment of
mouse melanoma cells (Mel-Ab) suppresses melanin produc-
tion (35, 36). In this study we tested whether similar results are
observed for a different mouse melanoma cell line (B16).
Because UVB irradiation of B16 cells did not stimulate the mel-
anin production (supplemental Fig. S1, A and B), we used either
a-MSH or IBMX (which is a cAMP-elevating agent that acts
through inhibition of phosphodiesterase) to mimic UV-stimu-
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lated melanin production in vivo and measured the amount of
melanin in both the culture medium and cell extract. We con-
firmed that heat treatment (42 °C, 1.5 h) induced expression of
HSP70 (Fig. 1A4). As shown in Fig. 1, B and C, treatment of B16
cells with IBMX increased the melanin content in both frac-
tions, and pretreatment of the cells with the heat shock sup-
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FIGURE 1. Effect of heat treatment or overexpression of HSP70 on IBMX-stimulated melanin production.

. B16 cells were incubated for 1.5 h at 42 °C (Heat Shock +) or 37 °C (Heat Shock —) then for 6 h at 37 °C and finally
for 72 h at 37 °C with or without 100 pzm IBMX {A-C). B16 cells were incubated for 1.5 h at 42 °C (Heat Shock +)
or 37 °C (Heat Shock —) or irradiated with or without indicated doses of UVB and cultured for 24 h (D). HSP70-
overexpressing B16 cells (HSP70 +) and mock transfectant control cells (HSP70 —) were incubated for 72 h
with or without 100 um IBMX (E-G). Whole cell extracts were analyzed by immunoblotting (A, D, and E). The
amounts of melanin in the conditioned medium (Band F) or cell extract (C and G) were determined as described
under “Experimental Procedures” and are expressed relative tothe control. Values are given as themean = S.D. -
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ke [

pressed this increase significantly,
suggesting that the heat treatment
inhibited IBMX-stimulated produc-
tion of melanin. We also examined
the effect of heat shock on melanin
production in cells in which the pro-
duction had been already activated
by IBMX and found that the heat
‘treatment inhibited the melanin
production even under these con-
ditions (supplemental Fig. S1, C
and D). Similar results were ob-
served for a-MSH-stimulated pro-
duction of melanin (supplemental
-Fig. S1, E and F). As shown in Fig.
1D, this heat treatment also induced
the expression of HSP25 weakly but
did not induce the expression of
other HSPs. We also found that
UVB irradiation of B16 cells did not -
clearly affect the expression of HSP
(Fig. 1D). ‘
We established a clone of B16

cells that stably overexpresses
HSP70. The extent of expression of
HSP70 in this clone is shown (Fig.
1E). We confirmed that this over-
expression of HSP70 did not affect
the cell growth (data not shown).
IBMX- and. a-MSH-dependent
increases in the amount of melanin
in the culture medium and cell
extract were observed in the control
clone but were not so apparent in
the clone overexpressing HSP70
(Fig. 1, F and G, supplemental
Fig. S1, G and H), showing that
expression of HSP70 somehow
inhibits the synthesis of melanin in
B16 cells. ‘

~ We also examined the effect of
heat shock and/or UVB irradiation
on melanin production with or
without IBMX. As shown in sup-
plemental Fig. S1, Iand J, irradiation
with UVB did not affect the melanin
production with or without IBMX.
UVB did not affect the melanin pro-
duction even with simultaneous
heat treatment (supplemental Fig.
S1,7Iand)).

Mechanism for Inhibition of Mel-
anin Production by Expression of HSP70—To understand the
mechanisms governing inhibition of melanin production by
expression of HSP70, we first examined tyrosinase activity. As
shown in Fig. 24, treatment of control cells with IBMX
increased the tyrosinase activity in the cell extract as described
previously (42), and this increase was not observed for cells

150 |

100 -

[54]
o
'

0

0

150 -

100 -

:

0 -

+

+

0 100

JOURNAL OF BIOLOGICAL CHEMISTRY 13257



Melanin Production and HSP70

A o+ el B . )
IBMX (uM) 0 100
200 1
£ HSP7O - 4+ - +
83 1501
8 £ Tyrosinase —
g o
@ ¥ 100 1
4
[
2 |
04
HSP70 -+ - 4+
IBMX (uM) 0 100
‘ D v
C - e
2.0 A
—_ 200 |
§ z
g 15 S=
8 ZE 1501
£g St
22 40 28
52 B® 1001
1 [}
% (3
€ 05 50 1
0.0 - - 0 4
HSP70 - + - 4 HSP70 - + -+
IBMX (uM) o 100 IBMX (M) 0 100

FIGURE 2. Effect of overexpression of HSP70 on IBMX-stimulated activity
and expression of tyrosinase. HSP70-overexpressing B16 cells (HSP70 +)
and mock transfectant control cells (HSP70 —) were incubated for 48 h with or
without 100 um IBMX (A-C). Tyrosinase activity was determined as described
under “Experimental Procedures” and expressed relative to the control (4).
Whole cell extracts were analyzed by immunoblotting as described in the
legend of Fig. 1B. Total RNA was extracted and subjected to real-time RT-PCR
using a specific primer for the tyrosinase gene. Values were normalized to
gapdh gene expression and expressed relative to the control sample (Q).
HSP70-expressing B16 cells (HSP70 +) and mock transfectant control cells
(HSP70 —) were transiently transfected with pRL-SV4Q (internal control plas-
mid carrying the R. reniformis luciferase gene) and pGL4-tyrosinase-luc. After
24 h, the cells were incubated for 24 h with or without 100 um IBMX. P. pyralis
luciferase activity was measured and normalized for R. reniformis luciferase
activity (D). Values are given as the mean * S.D. (n = 3).**,p < 0.01.

overexpressing HSP70. We also examined the effect of IBMX
and/or overexpression of HSP70 on the expression of tyrosin-
ase. Treatment of cells with IBMX increased the level of tyro-
sinase, and this increase was suppressed in HSP70-overexpress-
ing cells (Fig. 2B). Similar results were observed at the mRNA
level, which was monitored by real-time RT-PCR (Fig. 2C), sug-
gesting that expression of HSP70 inhibits transcription of the
tyrosinase gene. To confirm this notion, we performed a lucif-
erase reporter assay using a reporter plasmid where the pro-
moter of the tyrosinase gene is inserted upstream of the lucif-
erase gene. As shown in Fig. 2D, treatment of cells with IBMX
increased luciferase activity in the cell extract, and the activity
was significant lower in IBMX-treated HSP70-overexpressing
cells than in the control cells, supporting the notion that
expression of HSP70 inhibits the expression of tyrosinase at the
level of transcription. Results similar to those in Fig. 2 were
observed when heat treatment was used for induction of
expression of HSP70 (supplemental Fig. S2, A-D).

As described in the introduction, MITF plays a central role in
UV-induced expression of tyrosinase through ifs specific bind-
ing to the promoter of the tyrosinase gene (50). We examined
the effect of IBMX and/or expression of HSP70 on the expres-
sion of MITF. As described previously (51), treatment of cells
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FIGURE 3. Effect of overexpression of HSP70 on IBMX-stimulated expres-
sion of MITF. HSP70-overexpressing B16 cells (HSP70 +) or mock transfec-
tant control cells (HSP70 —) were incubated for 3 h with or without 100 um
IBMX (A and-B). Whole cell extracts were analyzed by immunoblotting as
described in the legend of Fig. 1. The bands representing the hyperphosphor-
ylated (Hyper-p) and hypophosphorylated (Hypo-p) forms of MITF are shown
(A). mitf mRNA expression was monitored as described in the legend of Fig.
2B. Values are given as the mean = SD. (n = 3). *, p < 0.07; n.s., not
significant. :

i

with IBMX increased the level of MITF (Fig. 34). Surprisingly,
expression of HSP70 did not affect the level of MITF irrespec-
tive of the presence of IBMX (Fig. 3A). Similar results were
observed for mRNA expression (Fig. 3B). These results suggest
that the inhibitory effect of HSP70 expression on the promoter
activity of the tyrosinase gene is not mediated by alterations to
the expression of MITF. It is known that MITF is activated by
phosphorylation (50); however, the results in Fig. 34 also sug-
gest that the level of phosphorylation (the ratio of the hyper-
phosphorylated form to the hypophosphorylated form of
MITF) is not affected by expression of HSP70. We also exam-
ined the effect of heat shock on the level of MITF. As shown in
supplemental Fig. S2, E and F, different from the case of over-
expression of HSP70 (Fig. 3), heat treatment decreased the level
of MITF and mitf mRNA.

To test whether MITF is required for HSP70-dependent reg-
ulation of the promoter activity of the tyrosinase gene, we
examined the effect of siRNA for MITF on the promoter activ-
ity of the tyrosinase gene. As shown in Fig. 4, transfection with
siRNA clearly inhibited the expression of MITF irrespective of
the presence of IBMX and HSP70 overexpression. The siRNA
suppressed IBMX-dependent activation of the promoter activ- .
ity of the tyrosinase gene, and HSP70 overexpression did not
affect the promoter activity in cells transfected with the siRNA
(Fig. 4), suggesting that MITF plays an important role in the
inhibitory effect of HSP70 on the promoter activity of the tyro-
sinase gene.

We also examined the expression of MITF-regulated genes
other than the tyrosinase gene, such as tyrosinase-related pro-
tein 1 (Tyrpl), dopachrome tautomerase (Dct), and protein
phosphatase methylesterase 1 (Pmel). Expression of these
genes was enhanced by IBMX and this enhancement was
suppressed in HSP70-overexpressing cells (supplemental
Fig. S2, G-I).

Involvement of an Interaction between HSP70 and MITF in
the Inhibitory Effect of HSP70 on Melanin Production—Based .
on the results mentioned above and the fact that HSP70 is a
molecular chaperone modifying the activity of other proteins
by its direct binding, we hypothesized that HSP70 interacts
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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 +)
or mock 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 um IBMX. Luciferase activity was measured and
expressed as describedin the legend of Fig. 2. Values are given as the mean =
S.D.(n = 3).** p £0.01; n.s., notsignificant. 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 in a 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. 5A4). We also per-
formed a reciprocal co-immunoprecipitation assay; we immu-
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. S3, 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
HSP70 but not 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
HSP70 localized 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.

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). Furthermore, 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 tail
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 interaction between MITF and HSP70 and their intracellular co-localization. HSP70-
overexpressing B16 cells (HSP70 +) or mock transfectant control cells (HSP70 —) were incubated for 3 h with or
without 100 um IBMX (A-C), and whole cell extracts (WCE) were prepared (A and B). WCE were immunoprecipi-
tated with antibodies against HSP70 (IP (a-HSP70)) or those against MITF (IP (a-MITF)) {A), or nuclear extracts
were prepared from whole cell extracts (B). Each fraction was analyzed by immunoblotting 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 pm (C).

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. 8B). We also found that heat treatment of tail skin
caused overexpression of HSP70 and a lower level of melanin
content after irradiation with UVB (supplemental Fig. S4).

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
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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, such as 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 that expression of HSP70

" affects the intracellular traffic 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
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 MITF
(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 MITF
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 pm 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 to real time RT-PCR with specific
primer sets for the tyrosinase promoter (upper panel) and gapdh gene (lower
panel). Values are expressed relative to the input DNA (whole cell extracts)
and are given as mean = S.D. (n = 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 um
IBMX. Nuclear extracts were prepared and incubated with DNA fragments
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 autoradiographed.

The pathway of activation of adenylate cyclase followed by an
increase in the intracellular cAMP level and activation of pro-
tein kinase A7cAMP response element-binding protein has
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FIGURE 8. Effect of overexpression of HSP70 on UVB-induced melanin

production inthe skin in vivo. Transgenic mice expressing HSP70 (HSP70Tg)
and wild-type mice (C57/BL6) were irradiated with 180 mJ/cm? UVB once per

2 days for 8 days (totally 4 times) (A and B). Sections were prepared from 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-
dure;." 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 MITF

expression (7). In this study we have confirmed that IBMX up-
regulates the expression of MITF. However, surprisingly, over-
expression of HSP70 did not affect 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 (coéimmunostaining
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 mitf 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 in vivo; 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 is suggested by our in 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
to be 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 pharmaceutlcally beneficial
because HSP70 protects keratinocytes from UV-induced cell
damage both in vitro and in vivo (24, 29-33). Furthermore,
human HSP70 has been reported to stimulate deoxyribonucleic
acid base excision repair by its direct binding to human AP
endonuclease and uracil DNA glycosylase (54). In E. coli, an
HSP70 homologue (DnaK) stimulates the nucleotide excision
repair of damaged DNA by maintaining repair proteins in their
properly folded state (55), suggesting that human HSP70 may
also stimulate nucleotide excision repair. We recently found
that expression of HSP7Q 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 oncogene and its activation is involved in
the progression of melanoma (61), the inhibitory effect of
HSP70 on MITF 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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Induction of EMT-like phenotypes by an active
metabolite of leflunomide and its contribution to
pulmonary fibrosis

T Namba', K-l Tanaka', Y lto, T Hoshino', M Matoyama’, N Yamakawa', Y Isohama’, A Azuma? and T Mizushima*’

Drug-induced interstitial lung disease (ILD), particularly pulmonary fibrosis, is a serious clinical concern and myofibroblasts
have been suggested to have a major role, with it recently being revealed that some of these myofibroblasts are derived
from lung epithelial cells through epithelial-mesenchymal transition (EMT). In this study, we examined the EMT-inducing

abilities of drugs known to induce ILD clinically. EMT-like phenotypes were induced by A771726, an active metabolite of

leflunomide having an inhibitory effect on dihydroorotate dehydrogenase (DHODH). Smad-interacting protein 1 (a transcription
factor regulating EMT) and the Notch-signaling pathway but not transforming growth factor-g was shown to be involved in
A771726-induced EMT-like phenotypes. When the cultures were supplemented with exogenous uridine, the A771726-induced
EMT-like phenotypes and activation of the Notch-signaling pathway disappeared. Similarly, an A771726 analog without
inhibitory. activity on DHODH produced no induction, suggesting that this process is mediated through the inhibition of
DHODH. In vivo, administration of leflunomide stimulated bleomycin-induced EMT-like phenomenon in pulmonary tissue,
and exacerbated bleomycin-induced pulmonary fibrosis, both of which were suppressed by coadministration of uridine.
Taken together, these findings suggest that leflunomide-dependent exacerbation of bleomycin-induced pulmonary fibrosis is
mediated by stimulation of EMT of lung epithelial cells, providing the first evidence that drug-induced pulmonary fibrosis
involves EMT of these cells.

Cell Death and Differentiation (2010) 17, 1882-1895; doi:10.1038/cdd.2010.64; published online 21 May 2010

Interstitial lung disease (ILD), in particular interstitial pneu-
monia associated with pulmonary fibrosis, is a devastating
chronic lung condition with poor prognosis. Pulmonary fibrosis
progresses insidiously and slowly, with acute exacerbation of
interstitial pneumonia being a highly lethal clinical event.
Furthermore, the mortality rate for pulmonary fibrosis is
increasing.'? Although most cases of pulmonary fibrosis are

. idiopathic, some are due to drug side effects (drug-induced

pulmonary fibrosis). For example, the antitumor drugs
imatinib and gefitinib, as well as the antirheumatoid arthritis
drugs leflunomide and methotrexate, are known to induce ILD
(pulmonary fibrosis). This is cause for serious clinical concern,
as it can lead to patient death, thereby restricting the
therapeutic use of these drugs.® Unfortunately, the etiology
of drug-induced ILD (pulmonary fibrosis) is not yet understood
and, as a result, an appropriate animal model has not yet been
established. Although the bleomycin-induced pulmonary
fibrosis animal model mimics some characteristics of human
pulmonary fibrosis,® it remains unclear whether drugs known
to induce ILD clinically exacerbate bleomycin-induced
effects. Therefore, understanding the mechanism governing

drug-induced ILD (pulmonary fibrosis) and developing a
viable animal model are important to establish not only a
clinical protocol for its treatment but also an assay system that
will facilitate screening to eliminate candidate drugs with the

- potential to produce this type of side effect.

It is now believed that pulmonary fibrosis is mduced by
repeated epithelial cell damage and abnormal wound repair
and remodeling, resulting in abnormal deposition of extra-
cellular matrix (ECM) proteins, such as collagen. Cytokines, in

_ particular transforming growth factor (TGF)-B,, have been

reported to have an important role in pulmonary fibrosis.”
Inflammation, particularty that mediated by TGF-g; and
reactive oxygen species is involved in repeated lung epithelial
cell damage.® On the other hand, an increase in lung
myofibroblasts has been suggested to have an important role
in abnormal wound repair and remodeling.® Myofibroblasts
extensively produce and secrete ECM proteins,® and are
involved in abnormal wound repair and remodeling through
various mechanisms, including deregulation of the balance
between matrix metallopeptidases (MMPs) and tissue inhibi-
tors of MMPs (TIMPs)."° It was previously believed that the
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origin of myofibroblasts is solely peribronchiolar and perivas-
cular fibroblasts that transdifferentiate to myofibroblasts in
response to various stimuli, in particular TGF-g;."" However,
recently, it was shown that lung epithelial cells undergo
epithelial-mesenchymal transition (EMT) to become myofibro-
blasts after treatment with TGF-B4 in vitro.'>'® The EMT of
lung epithelial cells also seems to be induced in the lungs
of pulmonary fibrosis patients and bleomycin-treated ani-
mals.'2* Furthermore, inhibition of EMT by knockout of the
integrin-«3 gene has been shown to suppress bleomycin-
induced pulmonary fibrosis in mice.'® These results suggest
that some of the lung myofibroblasts in pulmonary fibrosis
patients originate from lung epithelial cells through the EMT,
and that EMT has an important role in the pathogenesis, of
the condition, including that.induced by drugs. However, the
involvement of EMT in drug-induced pulmonary fibrosis has
not previously been examined.

Leflunomide, one of a number of newly developed disease-
modifying antirheumatic drugs,'®'” suppresses the cell-cycle
progression of T lymphocytes and other types of cells
by inhibiting. mitochondrial dihydroorotate dehydrogenase
(DHODH), which is the fourth enzyme in the de novo synthesis
of pyrimidine.'® This mechanism is supported by the obser-
vation that the inhibitory effect of leflunomide on cell growth is
canceled by supplementing the cultures with exogenous
uridine, which is a substrate of the salvage pathway of

pyrimidine synthesis.'® Postmarketing surveillance for all

patients prescribed with leflunomide in Japan showed that
80 of 5911 patients developed interstitial pneumonia and that,
‘of these, 27 died, with ILD being judged to be the primary
cause of ‘death in at least 18 cases. The incidence of
leflunomide-induced ILD and its mortality rate are higher than
the corresponding figures in Western countries;®'7:19:20
however, the mechanism governing this racial difference for
susceptibility to drug-induced ILD is unknown.

In this study, we examined the EMT-inducing abilities of
drugs known to cause ILD clinically. Our results showed that
A771726, an active metabolite of leflunomide, induces EMT-
like phenotypes in cultured human type Il alveolar (A549).cells
through the inhibition of DHODH. We also provide evidence
that administration of leflunomide stimulates bleomycin-
induced EMT-like phenomenon in the pulmonary tissue and
exacerbates bleomycin-induced pulmonary fibrosis. On the
basis of these findings, we consider that leflunomide-induced
pulmonary fibrosis involves EMT of lung epithelial cells and
that this leflunomide-dependent exacerbation of bleomycin-
induced pulmonary fibrosis provides a suitable animal model
of drug-induced ILD.

Results

Induction of EMT-like phenotypes by an active meta-
bolite of leflunomide in vitro. We first set out to examine
the in vitro EMT-inducing abilities of drugs known, to induce
ILD clinically. As one of the phenotypes related to EMT is
growth inhibition,?! we initially determined the concentration
of each drug (A771726 (an active metabolite of leflunomide),
amiodarone, methotrexate, imatinib and gefitinib) that led to the
suppression of A549 cell growth (Supplementary Figure S1a).
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Upregulation of the expression of myofibroblast marker
proteins (such as a-smooth muscle actin (x-SMA) and
collagen 1) and downregulation of the expression of
epithelial cell marker proteins (such as E-cadherin and
precursor of surfactant protein C (proSP-C)) can be used
to monitor EMT. Treatment of cells with A771726 or
methotrexate upregulated the expression of a-sma. ‘and
coliat (one of the genes for collagen |) mRNAs, and down-

, regulated E-cadherin mRNA expression (Supplementary

Figure S1b). The other drugs tested (amiodarone, imatinib
and gefitinib) did not significantly affect the expression of
these genes, except for the downregulation of E-cadherin
mRNA expression by gefitinib (Supplementary Figure S1b).
Immunoblotting analysis showed that protein expression
of «-SMA - or proSP-C’ and E-cadherin was increased or
decreased, respectively, in the presence of A771726 or

- methotrexate (Supplementary Figure S1c). As these results
suggested that both A771726 and methotrexate can induce

EMT in A549 cells, we took into consideration the plasma
concentrations of these two drugs at clinical doses (see
discussion), before selecting A771726 for further experiments.

As shown in Figure 1a and b, the change in the expression
of EMT-related genes (proteins) was dependent on the dose
of A771726. Immunostaining analysis showed that treatment
of A549 cells with A771726 reduced the expression of
E-cadherin at the cell periphery and induced the expression
of x-SMA in the cytosol (Figure 1c). We also examined
the effect of A771726 on EMT-like phenotypes in primary
cultured rat alveolar epithelial cells. As shown in Figure 2a—c,
A771726-dependent upregulation or downregulation of the
expression of «-SMA and collagen or E-cadherin and proSP-C,
respectively, was also observed in primary cultured rat alveolar
epithelial cells, although such alteration was observed with
lower concentration of A771726 in primary cultured rat alveolar
epithelial cells than in A549 cells.

We also examined the effect of A771726 on other EMT-

~ related phenotypes, including an increase in cell migration

activity and the activity and expression of MMPs and TIMPs. As
shown in Figure 1d, treatment of cells with A771726 stimulated
the migration activity of A549 cells. The band intensity based on
gelatin zymography, indicative of MMP-2 and MMP-9 activity,
was also increased by treatment of cells with A771726
(Figure 1e). The level of TIMP-1 in the culture medium
increased in the presence of A771726 (Figure 1f) Furthermore,
the expression of mmp-2, mmp-9 and timp-1 mRNAs was
upregulated (Figure 1g). Taken together, these findings
support the idea that A771726 induces EMT in A549 cells.

Involvement of Smad-interacting protein 1 and the
Notch-signaling pathway in A771726-induced EMT-like
phenotypes. A number of transcription factors (such as
Snail, Twist, Smad-interacting protein 1 (SIP1) and Slug) are
involved in the induction of EMT.22 As shown in Figure 3a,
treatment of cells with A771726 upregulated mRNA
expression of SIP1 and Slug and, to a lesser extent, Twist.
A771726-dependent upregulation of expression of SIP1 and
Slug was also observed at the protein level (Figure 3b). Thus,
we tested the contribution of SIP1 to A771726-induced
EMT-like phenotypes using its siRNA (unfortunately, we

could not obtain siRNA that efficiently suppresses the
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-expression of Slug). Transfection of SIP1 siRNA suppressed

the expression of sip? mRNA and SIP1 protein in both the
presence and the absence of A771726 treatment (Figure 3c
and d). This transfection partially suppressed the A771726-
induced upregulation of a-SMA expression and the
downregulation of E-cadherin and proSP-C expression
(Figure 3c and d), suggesting that the upregulation of SIP1
expression is at least partly involved in A771726-induced

EMT-like phenotypes. A771726-dependent upregulation of

expression of SIP1 was also observed in primary cultured rat
alveolar epithelial cells (Figure 2d and e).

It has also been reported that TGF-B; upregulates the
expression of EMT-related transcription factors, including
SIP1.2324 However, as shown in Supplementary Figure S2a
and b, A771726 did not significantly affect the mRNA
expression of TGF-B4 or the level of TGF-g, in the culture
medium. Furthermore, LY364947, an inhibitor for TGF-8
receptor kinase, suppressed the. changes in the expression
of «-SMA, E-cadherin and proSP-C in the presence of
TGF-B4 but not A771726 (Supplementary Figure S2¢ and d).
It therefore appears that A771726-induced EMT-like pheno-
types do not involve modulation of expression and activity
of TGF-B;.
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Next, we tested the contribution of the Notch-signaling
pathway to A771726-induced EMT-like phenotypes. This
pathway, which is triggered by the binding between Notch
receptors (Notch-1—4) and ligands (such as Jagged-1, 2 and
Delta-like 1 (DlI-1)), is mediated by two proteolytic cleavage
events involving the Notch receptor.?® The second cleavage is
catalyzed by y-secretase, leading to secretion of the Notch
intracellular domain (NICD), which then translocates to the
nucleus to promote transcription of downstream genes.?®
It was recently reported that activation of the Notch-signaling
pathway induces EMT.2”28 As shown in Figure 4a and b,
treatment of cells with A771726 upregulated the expression of
jagged-1, 2, dll-1and notch-1, 3, 4mRNAs and Jagged-1 and
Dll-1 in a dose-dependent manner. Furthermore, the level of -
NICD in the nuclear extract was increased in the presence of
A771726 and this increase was suppressed by cotreatment
with an inhibitor of y-secretass, N-[N-(3,5-diflucrophenacetyl-
L-alanyl)]-S-phenyliglycine t-butyl ester (DAPT) (Figure 4c),
suggesting that the Notch-signaling pathway is activated by
A771726. To test an idea that the Notch-signaling pathway is
involved in A771726-induced EMT-like phenotypes, we
examined the effect of DAPT on A771726-induced EMT-like
phenotypes. As shown in Figure 4d and e, A771726-induced
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E-cadherin and SIP1 were partially suppressed by DAPT,  primary cultured rat alveolar epithelial cells (Figures 2d and e).
suggesting that the Notch-signaling pathway does contribute To test whether the inhibition of DHODH is involved in the
to A771726-induced EMT-like phenotypes. A771726-depen- EMT-inducing activity of A771726, we first examined the effect
dent upregulation of expression of jagged-1 and nofch-1 of siRNA for DHODH on the expression of EMT-related genes.
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Transfection of siRNA for DHODH altered the mRNA and
protein expression of «-SMA and E-cadherin (Figure 5a
and b). A number of A771726 analogs have been synthe-
sized, and their ability to inhibit DHODH was revealed.?® The
DHODH-inhibitory ability of compound 3 is similar to that of
A771726; however, that of compound 2 is markedly less, and
compound 1 is inert in this context.2° As illustrated in Figure 5d
and e, compound 3 induced EMT-like phenotypes to a similar
extent to that observed with A771726. Compound 2 also
induced EMT-like phenotypes, but only at a higher concentra-
tion, whereas compound 1 had no effect (Figure 5d and e).
Taken together, these results suggest that A771726 induces
EMT-like phenotypes through inhibition of DHODH.

We further examined the effect of supplementing the
cultures with exogenous uridine. As shown in Figure 6a and b,
the addition of uridine to the culture medium suppressed the
A771726-induced EMT-like phenotypes. Furthermore, it also
suppressed the A771726-induced upregulation of expression
of sip1, natch-1 and jagged-1 mRNAs and SIP1, NICD and
Jagged-1 (Figure 6a and b). Uridine-dependent suppression
of A771726-induced EMT-like phenotypes was also observed
in primary cultured rat alveolar epithelial cells (Figure 2f and
g). These results further support the notion that A771726
induces EMT-like phenotypes through inhibition of DHODH.

Cell Death and Differentiation

We also found that the addition of cytidine suppressed
A771726-induced EMT-like phenotypes (data not shown).
As it is known that uridine and cytidine can be synthesized
from each other,®® it seems that these phenotypes are
mediated through depletion of the intracellular pool of
pyrimidine. )
Therefore, we next tested whether the induction of EMT-like
phenotypes is specific for inhibition of pyrimidine synthesis or
can be observed with inhibition of purine synthesis using
6-mercaptopurine (6-MP), an inhibitor of purine synthesis.*
Treatment of A549 cells with 100 M 6-MP inhibited cell
growth to a similar extent to that observed with 40 uM
A771726 (data not shown). As shown in Figure 6c, treatment
of cells with 100 uM 6-MP upregulated the expression of
a-sma mRNA and downregulated the expression of E-cadherin
mRNA. However, 6-MP had no effect on the expression of
sip1 and notch-1 mRNAs and protein expression of «-SMA,
SIP1, NICD and proSP-C, and downregulated the expression
of jagged-1 mRNA and Jagged-1 (Figure 6c and d),
suggesting that inhibition of pyrimidine synthesis rather than
purine synthesis preferentially induces EMT-like phenotypes.

Effect of leflunomide on bleomycin-induced pulmonary
fibrosis. As described in the ‘Introduction’ section, induction-
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Figure 6 Involvement of inhibition of pyrimidine synthesis in A771729-induced EMT-like phenotypes. A549 cells were incubated with the indicated concentrations of

A771726 (a-d), uridine (panels a, b) and 6-MP (panels ¢, d) for 48 h-(panels a, c) or 96 h (panels b, d). Protein and mRNA expressions were monitored and expressed as
described in the legend of Figure 1. Values shown are mean £ S.D. (n=3). **P<0.01

of EMT of lung epithelial cells has an important role in
pulmonary fibrosis, with the in vitro results outlined above
implicating leflunomide in this process. To investigate this
further, we first examined whether EMT is induced in the
mouse lung by oral administration of leflunomide alone, finding

no significant effect at concentrations of up to 100mg/kg
(data not shown). Next, we tested the idea that leflunomide
stimulates EMT-like phenomenon in the presence of other
fibrosis-inducing stimuli, such as bleomycin. A once-only (at
day 0) intratracheal administration of bleomycin (5mg/kg)
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Figure 7 Induction of EMT-like phenotypes by administration of bleomycin and leflunomide. (a-h) Mice were treated once only with or without 0.5 mg/kg bleomycin (BLM)
(day 0), then orally administered leflunomide (40 mg/kg) or vehicle once per day for 9 days (from day 5 to day 14). (Panel a) Total protein was extracted from pulmonary tissues
at day 14 and analyzed with immunoblotting with an antibody against a-SMA, proSP-C, E-cadherin or actin. (Panel b) The intensity of the band of «-SMA, proSP-C and
E-cadherin was determined (one of two gels is shown in panel a) and expressed relative to the results obtained in control mice (n=6). (Panel c) The activity of MMP-9
and MMP-2 in pulmonary tissues at day 14 was measured as described in the legend of Figure 1. (Panel d) the clear band intensity was determined (one of two gels is shown
in panel c) and expressed relative to the control (n=6). (Panel e) The level of TIMP-1-in pulmonary tissues at day 14 was determined by ELISA (n=6). (Panel f) Sections of
pulmonary tissues were prepared at day 14 and subjected to immunohistochemical analysis with an antibody against «-SMA (red) and proSP-C (green) (scale bar, 50 zm).
(Panel g) The ratio of EMT-induced cells (coexpression of «-SMA and proSP-C) o total cells (500800 cels) was determined (n=#6). (Panel h) The level of TGF-B1 in
pulmonary tissue at day 14 days was determined by ELISA (n=3-4). Values are mean + S.E.M. *P<0.05; **P<0.01; n.s., not significant
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_¢) Mice were treated once only with or without 0.5 mg/kg bleomycin (BLM,) (day 0}, then orally

administered leflunomide (40 mg/kg) or vehicle once per day for 9 days (from day 5 to day 14). (Panels a, b) Sections of pulmonary tissue were prepared at day 14 and
subjected to histological examination (H & E staining (panel a) or Masson’s trichrome staining (panel b)) as described in the ‘Materials and Methods' section (scale bar, 50 um).
(Panel ¢) The pulmonary hydroxyproline level at day 14 was determined as described inthe ‘Materials and Methods’ section (n = 8). (d) Mice were treated once only with BLM
(5 mg/kg) at day 0 and were then orally administered leflunomide (40 mg/kg) once per day for 3 weeks (from day 7 to day 28). The survival rate of the animals was monitored

(n=12-13). Values are mean + $.EM. *P<0.05; **P<0.01; n.s., not significant

induced apparent EMT-like phenomenon 14 days after
treatment (see below). To examine the effect of leflunomide
on the bleomycin-induced EMT-like phenomenon, we used
a lower dose of bleomycin (0.5mg/kg). Immunoblotting
analysis of pulmonary tissues revealed that administration of
bleomycin alone at this dose slightly increased or decreased
the level of a-SMA or E-cadherin and proSP-C, respectively, an
effect that was further stimulated by simultaneous adminis-
tration of leflunomide (40 mg/kg), although the results were
not always . statistically significant (Figure 7a and b). We also
measured MMP activity and the level of TIMP-1 by gelatin
zymography and ELISA, respectively, and found that these
were slightly elevated in response to administration of
bleomycin alone, an effect that was further stimulated by
simultaneous administration of leflunomide (Figure 7c—e),
overall suggesting that leflunomide stimulates bleomycin-
induced EMT-like phenomenon.

To test this idea further, we then used immunohistochem-
ical analysis to detect cells with positive expression of both
«-SMA and proSP-C, a marker of EMT of lung epithelial cells.*
As shown in Figure 7f and g, .a few double-positive cells
were detected in lung sections prepared from bleomycin-
treated mice; this number being dramatically increased by

simultaneous administration of leflunomide. Administration of
leflunomide alone had no such effect (Figure 7f and g).

We next measured the pulmonary level of TGF-1 and
found that admmistratlon of bleomycin (0.5mg/kg) and
leflunomide, either alone or in combination had no significant
effect (Figure 7h). Administration of bleomycin (0.5 mg/kg)
and leflunomide also did not affect the pulmonary level of
connective tissue growth factor (CTGF) (Supplementary

- Figure S3).

25']

We then examined the effect of administration of lefluno-
mide on bleomycin-induced pulmonary fibrosis by monitoring
histopathological changes and pulmonary hydroxyproline
levels (an indicator of collagen levels). Histopathological
analysis of pulmonary tissue using hematoxylin and eosin
staining showed that the simultaneous administration of
leflunomide (40mg/kg) and. bleomycin (0.5 mg/kg) induced
severe pulmonary damage (thickened and edematous alveo-
lar walls and interstitium, and infiltration of leucocytes)

(Figure 8a). Administration of either leflunomide or bleomycin .

alone did not cause such clear  pulmonary damage
(Figure 8a). Masson's trichrome staining of collagen revealed
that administration of bleomycin caused slight collagen
deposition, an effect, which was greatly exacerbated by
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Figure 9 Effect of coadministration of uridine on leflunomide-induced exacerbation of pulmonary fibrosis and EMT-like phenotypes. (a-c) Mice were treated once only with
or without 0.5 mg/kg bleomycin (BLM) (day 0), then administered leflunomide (40 mg/kg) and uridine (50 mg/kg) once per day for 9 days (from day 5 to day 14). (Panels &, b)
Sections of pulmonary tissue were prepared at day 14 and subjected to histological examination as described in the legend of Figure 8 (scale bar, 50 um). (Panel ¢) The
pulmonary hydroxyproline level was determined at day 14 as described in the legend of Figure 8 (n=5-6). (d, e) Immunohistochemical analysis was performed as described
in the legend of Figure 7 (scale bar, 50 um) (n=>5). Values are mean £ S.EM. **P<0.01; *P<0.05; n.s., not significant

simultaneous administration of leflunomide (Figure 8b). The
pulmonary hydroxyproline level was slightly increased by
administration of bleomycin alone, but this effect was further
enhanced by simultaneous administration of leflunomide
(Figure 8c). These results suggest that administration of
leflunomide exacerbates bleomycin-induced pulmonary fibrosis.

We next examined the effect of leflunomide on the survival
of mice treated with bleomycin. As shown in Figure 8d,
administration of bleomycin alone caused death, the rate of
which was accelerated by simultaneous administration of
leflunomide.

Cell Death and Differentiation

To test whether leflunomide exacerbates bleomycin-
induced pulmonary fibrosis through inhibition of DHODH, we
examined the effect of coadministration of uridine. As shawn
in Figure 9a-c, coadministration of uridine clearly sup-
pressed pulmonary tissue damage, collagen deposition and
increases in pulmonary hydroxyproline levels observed in
mice treated with both bleomycin and leflunomide. We
also found a decrease in the number of cells expressing both
«-SMA and proSP-C in mice that had been coadministered
uridine (Figure 9d and e). These findings suggest that the
exacerbation of bleomycin-induced pulmonary fibrosis by
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