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Uncoupling of ER/Mitochondrial Oxidative
Stress in mTORC1 Hyperactivation-
Associated Skin Hypopigmentation

Fei Yang', Lingli Yang', Mari Wataya-Kaneda', Takuji Yoshimura®, Atsushi Tanemura' and
Ichiro Katayama'

Accumulating evidence has described the involvement of mTORCT1 signaling in pigmentation regulation;
however, the precise mechanism is not fully understood. Here, we generated mice with conditional deletion of
the mTORC1 suppressor Tsc2 in melanocytes. It resulted in constitutive hyperactivation of mTORC1 and
reduced skin pigmentation. Mechanistically, neither the number of melanocytes nor the expression of
melanogenesis-related enzymes was decreased; however, endoplasmic reticulum and mitochondrial oxidative
stress and lower melanization in melanosomes were observed. By contrast, abrogation of mMTORC1 by rapa-
mycin completely reversed the reduced pigmentation, and alleviation of endoplasmic reticulum stress by
SMER28 or 4-phenylbutyrate (PBA) or alleviation of mitochondrial oxidative stress by administration of aden-
osine triphosphate partially reversed the reduced pigmentation in these mice. In addition, we showed that
these mechanisms were involved in reduced pigmentation of TSC2 small interfering RNA-transfected cultured

human primary melanocytes and skin lesions of patients with the TSC gene mutation.

Journal of Investigative Dermatology (2018) 138, 669—678; doi:10.1016/}.jid.2017.10.007

INTRODUCTION
The mammalian serine/threonine kinase mTOR was impli-
cated in the regulation of pigmentation (Busca et al., 1996;
Jeong et al., 2011; Ohguchi et al., 2005; Tsao et al., 2016).
mTOR is found in two functionally and structurally distinct
complexes named mTORC1 and mTORC2. mTORC1 is
sensitive to rapamycin, but mTORC2 is not inhibited by
rapamycin. mTORC1 controls protein synthesis, ribosome
biogenesis, cell growth, and autophagy. mTORC2 regulates
cellular metabolism and the cytoskeleton (Saxton and Sabatini,
2017). mTORC1 activation, via TSC gene inactivation, dis-
rupted pigmentation (Cao et al., 2017). Furthermore, rapa-
mycin, an inhibitor of mMTORC1, was reported to up-regulate
melanogenesis in MNT-1 melanoma cells (Hah etal., 2012; Ho
et al., 2011). We reported that rapamycin was effective for
treatment of hypopigmented macules of patients with tuberous
sclerosis complex (TSC) (Wataya-Kaneda et al., 2012, 2015),
which supported a role for mTORCT1 in pigmentation.

The mTORCT pathway has been shown to control protein
synthesis, cell growth, proliferation, cell metabolism, insulin

"Department of Dermatology, Course of Integrated Medicine, Graduate
School of Medicine, Osaka University, Osaka, Japan; and ?Laboratory of
Reproductive Engineering, The Institute of Experimental Animal Sciences,
Graduate School of Medicine, Osaka University, Osaka, Japan

Correspondence: Mari Wataya-Kaneda, Department of Dermatology, Course
of Integrated Medicine, Graduate School of Medicine, Osaka University, 2-2
Yamadaoka, Suita, Osaka 565-0871, Japan. E-mail: mkaneda@derma.med.
osaka-u.ac.jp

Abbreviations: ATP, adenosine triphosphate; ER, endoplasmic reticulum;
p-, phosphorylated; PBA, 4-phenylbutyrate; TSC, tuberous sclerosis
complex

Received 3 August 2017; revised 28 September 2017; accepted 8 October
2017; accepted manuscript published online 6 December 2017; corrected
proof published online 1 February 2018

© 2017 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

resistance, autophagy, and stress responses (Laplante and
Sabatini, 2009, 2012). Dysregulation of the mTOR pathway
has been implicated in various diseases (Guertin and
Sabatini, 2007; Saxton and Sabatini, 2017; Wullschleger
et al., 2006). The mTOR pathway has attracted broad scien-
tific and clinical interest. Besides, both the PI3K-mTOR and
Ras-MAPK-ERK pathways are well known as the cell’s chief
mechanisms for controlling growth, survival, and metabolism
in response to extracellular cues (Mendoza et al., 2011). The
Ras-MAPK-ERK signaling pathway is known to inhibit mela-
nogenesis by phosphorylating MITF and posttranscriptionally
modulating the activity of MITF in melanocytes (Lin and
Fisher, 2007). However, little is known about the mecha-
nism of mTOR in the regulation of skin pigmentation.

In human cells, mTORC1 is activated by amino acids,
insulin, growth factors, and stress mediators like starvation
and hypoxia (Saxton and Sabatini, 2017); mTORC1 is nega-
tively regulated by a heterodimeric complex consisting of two
protein molecules: TSC1 (or hamartin) and TSC2 (or tuberin)
(Kwiatkowski, 2003b). Inactivation of either TSC1 or TSC2
induces hyperactivation of mTOR. Furthermore, mutations in
TSCT1 or TSC2 cause the TSC disorder (Crino et al., 2006; van
Slegtenhorst et al., 1997; Wienecke et al., 1995). TSC is a
multisystemic disease characterized by formation of benign
tumors in multiple organs and hypopigmented macules on
the skin that occur along with seizures or autism (Ess, 2009).
Hyperactivation of mTOR is thought to be the most likely
trigger for lesion formation in TSC patients (Crino et al.,
2006). In TSC, uncontrolled protein synthesis and cell
growth from constitutive mTOR activation contribute to for-
mation of benign tumors in multiple systems (Inoki et al.,
2006; Kenerson et al., 2002). By contrast, in the melano-
cyte lineage in TSC, tumor formation has not been observed;
however, hypopigmented macules arise at birth or in early
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infancy (Gold and Freeman, 1965; Jimbow, 1997). TSC was
initially described approximately 150 years ago, and the
molecular mechanisms underlying formation of these hypo-
pigmented macules still are not fully understood. Based on
our previous studies that showed topical treatment with
rapamycin-reversed hypopigmentation in patients with TSC,
we hypothesized that mutated TSC7- or TSC2-induced
hyperactivation of mMTORC1 leads to hypopigmented macules
in TSC.

Studies of Tsc/mTORCT regulation of pigmentation in vivo
have been limited by the lack of an animal model, because
homogeneous Tsc knockout is embryonically lethal and Tsc
heterozygotes do not develop skin abnormalities (Kobayashi
et al.,, 1999). To investigate whether Ts¢/mTORC1 signaling
in melanocytes plays a role in the regulation of pigmentation,
we generated conditional Tsc2-knockout mice. As expected,
deletion of Tsc2 caused reduced skin pigmentation due to
elevated mTORC1 activity in melanocytes. This mouse
model provides a pathogenic mechanism for mTORCI
hyperactivation-mediated hypopigmentation.

RESULTS

Generation of mice deficient for Tsc2 in melanocytes

To activate mTORCT signaling in melanocytes and address
the potential role of mTORC1 signaling in the pigmentation
of skin melanocytes, we generated mice with conditional
deletion of Tsc2 in melanocytes. As shown in Figure Ta and
b, mice containing a floxed Tsc2 allele were crossed with
transgenic mice expressing Cre under the control of the
melanocyte-specific Mitf promoter (i.e., MITF-M), which is
abundant and specific in neural crest-derived melanocytes
(Tachibana, 2000). The resultant Cre-mediated deletion of
Tsc2 exons 3, 4, and 5 inactivated expression of Tsc2.
Tsc21o1oXMjtf-:Cre mice, referred to as mcTsc2%°, were
used for experiments, and Tsc2™*Mitf::Cre littermates,
referred to as mcTsc2t*, were used as controls. In C57BL6
mice, epidermal melanocytes are mainly distributed in the
tail, ear, and sole skin (Reynolds, 1954); therefore, mouse tail
skin was analyzed in this study.

Epidermal melanocytes were isolated from mouse tail skin
and cultured. In Western blot analyses of lysates from these
cells, the product of the Tsc2 gene, tuberin, was readily
detected in control wild-type melanocytes but was absent in
melanocytes from mcTsc25*°, which indicated successful
deletion of the Tsc2 gene from melanocytes (Figure 1c). We
further investigated the expression of downstream targets of
mTORC1 (phosphorylated S6 and 4EBP1), because such
phosphorylation suggests mTORCT1 activation (Kwiatkowski
et al.,, 2002; Onda et al.,, 2002). Consistent with loss of
Tsc2, the expression of p-S6 and p-4EBP1 were markedly
increased in mcTsc2*”%° melanocyte lysates (Figure 1c),
which suggested that mTORC1 was hyperactivated. Further-
more, mouse tail skin samples were examined via immuno-
histochemistry staining with anti-Pmel17 (melanocyte
marker) and anti-p-S6 antibodies. Increased expression of p-
S6 was observed in melanocytes from mcTsc2*% tail skin
compared with littermate controls (Figure Te). These results
showed that the deletion of Tsc2 in melanocytes resulted in
activation of mTORCT1 signaling.

Journal of Investigative Dermatology (2018), Volume 138

mcTsc2*’** mice exhibited reduced skin pigmentation

Four weeks after birth, mcTsc2*”%° mice exhibited pro-
foundly lighter tail skin pigmentation than their mcTsc2*/*
littermates (Figure 1d). Skin sections from mcTsc2 % mice
had a markedly reduced number of scattered pigment gran-
ules in the epidermis compared with control mice (Figure Te,
left panel). Double staining for p-S6 and Pmel17 showed that
epidermal melanocytes in tail skin were present but that
mTORC1/S6 signaling was constitutively activated in
mcTsc25° mice (Figure Te, right panels). These observa-
tions indicated that melanocyte-specific deletion of Tsc2
induced mTORCT1 hyperactivation and resulted in reduced
skin pigmentation.

Deletion of Tsc2 disrupted melanosome maturation in
melanocytes

There was less pigmentation in tail skin from mcTsc2*<°
mice than that from littermate controls, which was confirmed
again via hematoxylin staining (Figure 2a) and bright field
microscopy (Figure 2b, left panel). Decreased melanin is
known to result from decreased numbers or absence of
melanocytes in the epidermis or normal melanocyte numbers
with little or no melanin production. Therefore, to determine
whether less pigmentation resulted from reduced numbers of
melanocytes, immunofluorescence staining was used to label
skin sections using an antibody against the melanocyte-
specific marker Pmel17. The numbers of epidermal mela-
nocytes were similar between the mcTsc2*”* and control
mice (Figure 2b). This result suggested that melanocyte
dysfunction was the malor reason for the observed tail skin
phenotype in mcTsc25** mice.

To clarify the mechanisms involved in regulation of mela-
nocyte function by Tsc2/mTORCT, transmission electron
microscopy using ultrathin skin sections was performed.
Marked reduction of mature melanosomes in melanocytes
was detected in Tsc2%° mice (Figure 2c) compared with
samples from littermate controls. Moreover, the number of
mature melanosomes was decreased; however, the number
of immature melanosomes (indicated by the red arrows in
Figure 2d) was greatly increased in melanocytes from
mcTsc25% mice.

Next, to confirm whether the enzyme for melanin synthesis
was correctly transported into melanosomes, immunoelec-
tron microscopy was performed (Figure 2e). Spherical
organelles without melanin deposition and a fibrillar internal
matrix but with strong expression of Hmb45 indicate pre-
melanosomes; organelles with melanin deposition are
mature melanosomes (Raposo et al., 2001). However, we
have also found many organelles without melanin deposition
but with a fibrillar internal matrix and strong expression of
Hmb45 and Tyrp1 (Figure 2e) or Hmb45 and tyrosinase (data
not shown); we named this premature melanosomes. We
found that premature melanosomes were increased but that
mature melanosomes were decreased significantly in mela-
nocytes from mcTsc2*”* mouse tail skin (Figure 2e, right
panel; P < 0.01) compared with melanocytes from littermate
controls. This suggests that the melanogenesis-related
enzyme was successfully transported into melanosomes but
that melanin synthesis in these melanosomes was disrupted
in melanocytes of mcTsc2 % mice. These results show that
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Figure 1. Melanocyte-specific ablation of Tsc2 reduced mouse tail skin depigmentation. (a) Schematic illustration. (b) Tsc2 allele PCR products from
mouse DNA using primers P1F and P1R (left panel); Mitf allele PCR products from mouse DNA using primers P2F and P2R (right panel). (c) Western blot analysis
of lysates from isolated mouse epidermal melanocytes from tail skin. (d) Mouse tail skin pigmentation at 4 weeks of age. () Mouse tail skin sections were stained
with anti-p-S6 antibody (green), anti-Pmel17 antibody (red), and Hoechst 33342 (blue). The corresponding bright field microscopy image is shown in the
left panel. Scale bar = 100 pm. The white rectangle outlines the area that is shown in the corresponding right panel. The white line-circled area indicates
melanocytes. bp, base pairs; kb, kilo base pairs; p-, phosphorylated; wks, weeks.

melanocyte-specific deletion of Tsc2 did not affect melano-
some formation or melanogenesis-related enzyme trans-
portation but disrupted melanin synthesis in melanosomes.

To determine whether the abnormality in melanin synthesis
resulted from abnormal expression of melanogenesis-related
catalytic proteins, the activity of tyrosinase, Tyrpl1, and
Pmel17 were investigated. No difference was observed in the
expression levels of tyrosinase and Tyrp1 by tissue immuno-
chemistry (see Supplementary Figure S1a online). In addition,
Western blot analyses of cell lysates from tail skin epidermal
melanocytes also showed no difference in the expression
levels of Pmel17, tyrosinase, and Tyrp1 (see Supplementary
Figure S1b).

To examine whether lower tyrosinase activity or insuffi-
cient levels of the tyrosinase coactivator copper was
involved, skin sections were assessed for L-3,4-
dihydroxyphenylalanine (i.e., .-DOPA) in the presence or
absence of copper. However, tyrosinase activity was nearly
identical in the presence or absence of copper in samples
from mcTsc2*”° mice compared with littermate controls
(see Supplementary Figure S1c). In addition, after .-DOPA
staining, the previously observed melanosomes without
melanin in Tsc2*”*° melanocytes appeared to be filled with
melanin (see Supplementary Figure S1d), which suggested
that tyrosinase activity was not affected in the melanosomes
of Tsc2*%° melanocytes.
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Figure 2. Melanocyte-specific ablation of Tsc2 disrupted maturation of mouse melanosomes. (a) Representative sections stained with hematoxylin. The white
rectangle outlines the area shown in the corresponding right panel. (b) Representative sections stained by anti-Pmel17 antibody. Scale bars in aand b = 100 pm.
The number of melanocytes in each high-power magnification field were counted. (c) Representative ultrathin sections viewed by electron microscopy.

The white rectangle outlines the area of melanocytes, and the detail is shown in the corresponding right panel. Scale bar = 3 um. (d) Representative higher-
magnification images. Immature melanosomes are shown by red arrows. Scale bar = 200 nm. (e) The expression of melanogenesis-related enzyme in
melanosomes (left panel) and the number of melanosomes in melanocytes (right panel). Data in b and e are shown as mean =+ standard deviation. **P < 0.01.

n.s., no significant difference.

Melanocyte-specific deletion of Tsc2 damaged mitochondria
and endoplasmic reticulum

The subcellular alterations in melanocytes in Tsc2*”** mouse
tail skin were further analyzed using transmission electron
microscopy. Abnormally enlarged endoplasmic reticulum
(ER) was observed in melanocytes from mcTsc2*® mice
(Figure 3, area 1). Similarly, mitochondria in melanocytes
from mcTsc2"*° mice were generally swollen and pale, with
disorganized cristae and loss of membrane density (Figure 3,
area 2, lower panel). In contrast, mitochondria in melano-
cytes from littermate controls showed normal morphology
with intact cristae and electron-dense bodies in the mito-
chondrial matrix (Figure 3, area 2, upper panel). These data
show that Tsc2-deficient melanocytes had defective ER and
mitochondrial morphology, which may indicate cellular
stress in melanocytes.
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Cells react to ER stress by initiating a defensive process
called the unfolded protein response (Senft and Ronai, 2015).
In addition to the well-established role of mitochondria in
energy metabolism, mitochondria also are known to protect
cells from oxidative stress (Lindholm et al., 2017). Therefore,
to determine whether ER stress and mitochondrial stress
contributed to mouse tail skin depigmentation in mcTsc2
mice, unfolded protein response-related and mitochondrial
oxidative stress-related genes and proteins were examined in
melanocytes isolated from mouse tail skin. ER stress-related
Hsf1 and Hsp70; unfolded protein response-related chap-
erone molecules Grp78 and calnexin; unfolded protein
response-related autophagy molecules P62 and Lc3B;
oxidative stress response-related molecules Gsta4, HmoxT1,
NgoTl, and Gclc; and mitochondrial oxidative stress-related
molecules Pgcla, Pink1, Parkin1l, and Hifla were
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Area 2

Figure 3. Melanocyte-specific deletion of Tsc2-induced ultrastructural alterations in mitochondria and endoplasmic reticulum. Skin specimens from mouse
tails were investigated by electron microscopy. Representative higher-magnification images of ultrathin section of melanocytes were observed by electron
microscopy. The red rectangle outlines the areas shown in the corresponding right panels. Area 1 shows the representative images for endoplasmic reticulum in
melanocytes, and area 2 shows representative images for mitochondria in melanocytes. Endoplasmic reticulum in area 1 and mitochondria in area 2 are

indicated by red arrowheads. Scale bars = 500 nm.

significantly up-regulated in mcTsc2*”*° mouse melano-
cytes compared with control littermate mouse melanocytes
(P < 0.01) (see Supplementary Figure S2 online). Further-
more, immunofluorescence staining showed that Grp78,
P62, and parkin were up-regulated. Perinuclear aggresome
formation, which indicates misfolded protein accumula-
tion, was also observed in melanocytes from mcTsc2*°
mice (see Supplementary Figure S3a online). Western blot
analysis of cell lysates of isolated tail skin melanocytes
from mcTsc2"*° mice showed greatly increased expres-
sion of Grp78 and Hsp70 (markers of ER stress), P62 and
Lc3 (markers of autophagy), and 4-Hne (marker of mito-
chondrial oxidative stress), compared with controls (see
Supplementary Figure S3b). Because intracellular adenosine
triphosphate (ATP) content is a direct marker of the energy
state and lower ATP levels indicate mitochondrial stress,
we measured ATP content. The ATP/adenosine diphosphate
ratio was significantly lower in melanocytes from
mcTsc2*%°  mice (P < 0.01) (see Supplementary
Figure S3c). Collectively, it suggested that ER stress and
mitochondrial oxidative stress were induced in mcTsc2*%°
melanocytes and therefore may be involved in the mela-
nocyte dysfunction.

mTOR inhibition or ER stress/mitochondrial oxidative stress-
related treatment attenuated reduced pigmentation in
melanocyte-specific Tsc2-knockout mice
To ascertain whether ER stress/mitochondrial oxidative stress
were involved in reduced pigmentation, we treated mela-
nocytes from Tsc2-knockout mice melanocytes in vitro with
rapamycin or agents that alleviate ER stress/mitochondrial
oxidative stress. The following agents were used in these
experiments: the mTOR inhibitor rapamycin (10 nmol/L); the
mTOR-independent autophagy inducer SMER28 (50 pmol/L);
a small chemical chaperone that attenuates ER stress, sodium
4-PBA (20 mmol/L); and the energy supply molecule ATP (10
mmol/L) alone or in the indicated combinations
(Figure 4a—c). Five days after treatment, pharmacological
mTORCT inhibition with rapamycin completely blocked the
decrease in ATP and melanin content in melanocytes from
mcTsc2%° mice (P < 0.01) (Figure 4a and b). mTOR-
independent autophagy induction or ER stress/mitochon-
drial stress alleviation were at last partially effective in
abrogating depigmentation in  Tsc2-knockout mouse
epidermal melanocytes (Figure 4a—c).

Next, tail skin from mcTsc2*”*° mice was treated topically
with 0.2% rapamycin (sirolimus gel) once daily for 2 weeks
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Figure 4. In vitro and in vivo, mTOR inhibition or endoplasmic reticulum stress/mitochondrial oxidative stress-related treatments attenuated the

reduced pigmentation in Tsc2-knockout mouse melanocytes. (a—c) In vitro, epidermal melanocytes isolated from mouse tail skin were cultured and treated
with the indicated agents. (a) Cellular melanin content and the corresponding cell pellet image. (b) Cellular ATP/ADP level. Data in a and b are shown as
mean =+ standard deviation. ***P < 0.01. (c) Cellular proteins were examined by Western blotting. (d—f) In vivo, mice were treated with topical rapamycin gel
or with oral 4-PBA solution for 2 weeks. (d) Representative image of tail skin pigmentation. (e) Skin tissue was removed from mouse tail, and then it was
flattened on a piece of cardboard for fixation. Representative image of tail skin pigmentation was shown. (f) Skin sections with hematoxylin staining. Scale
bar = 100 um. (g) Epidermal melanocytes were isolated after treatment. Cell pellet images and Western blotting analysis. 4-PBA, 4-phenylbutyrate; ADP,

adenosine diphosphate; ATP, adenosine triphosphate.

or mice were administrated 4-PBA (1 g/kg/day) orally for 2
weeks. Macroscopically, both rapamycin and 4-PBA treat-
ments resulted in marked improvement of tail skin depig-
mentation compared with vehicle-treated mcTsc2**° mice
(Figure 4d). Furthermore, the improvement was also observed
on cardboard-fixed flattened tail skin (Figure 4e) and histo-
logical examination using sections of tail skin tissue
(Figure 4f). In addition, the isolated epidermal melanocytes
from animals treated with rapamycin or 4-PBA exhibited
increased melanin production (Figure 4g). Topical rapamycin
treatment inhibited the activation of mTORCT1 signaling and
the expression of ER stress-related proteins (Figure 4g).
These results indicated that mTORC1 hyperactivation
and mTORCT1 activation-induced ER stress/mitochondrial

Journal of Investigative Dermatology (2018), Volume 138

stress were responsible for the reduced pigmentation in
mcTsc25% mice.

mTORCT1 hyperactivation was observed in melanocytes of
hypopigmented macule lesions from the skin of patients

with TSC

Finally, we investigated whether this mechanism identified in
mcTsc25*° mice was involved in development of hypo-
pigmented macules in patients with TSC. We examined skin
from healthy donors (n = 6) and skin from hypopigmented
macule lesions of TSC patients (n = 10). We previously found
that melanocytes were present, that melanin granule levels
were decreased in TSC-related hypomelanotic macules, and
that the volume of melanin granules increased upon topical
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Figure 5. Loss of melanin and up-regulated mTORCT signaling in melanocytes of hypopigmented macule lesions from skin of patients with TSC. (a—c) Skin
biopsy specimens from healthy donors and hypopigmented macule lesions from patients with TSC. (a) Representative sections stained with anti-PMEL17
antibody. The number of melanocytes was counted. (b) Representative ultrathin sections image. Scale bar = 7 pm. Melanocytes are shown by white asterisks.
The number of mature melanosomes in melanocytes was counted. Data in a and b are shown as mean =+ standard deviation. ***P < 0.01. (c) Representative
sections that were double-stained with anti-p-S6 and anti-PMEL17 antibody. Scale bars in a and ¢ = 100 um. The white rectangle outlines the area shown in the
corresponding right panel. The white line-circled area indicates melanocytes. n.s., no significant difference; TSC, tuberous sclerosis complex.

rapamycin treatment (Wataya-Kaneda et al., 2012, 2015). In
agreement with our previous findings, the amount of
epidermal melanin was markedly decreased in skin from
hypopigmented macule lesions of TSC patients; however,
immunofluorescence staining for PMEL17 showed no differ-
ence in the localization or number of basal layer melanocytes
between patient and healthy donor samples (Figure 5a). The
lesions from TSC patients were grossly nonpigmented, and
visibly mature melanosomes were virtually absent in mela-
nocytes (P < 0.01) (Figure 5b). In agreement with our ob-
servations in mcTsc2*”*° mice, we found that melanocyte
numbers were not altered but that the number of mature
melanosomes was decreased in skin with hypopigmented
macules from patients with TSC.

Furthermore, similar to levels observed in melanocytes
from mcTsc2*° mice, constitutively activated mTORC1/56
signaling was observed in melanocytes from hypopigmented
macule lesions of patients with TSC (Figure 5¢), which indi-
cated that mTORC1 hyperactivation also was involved in
melanocytes in hypopigmented macules of TSC patients.

ER and mitochondrial oxidative stress were observed in
melanocytes transfected with TSC2 small interfering RNA

and melanocytes in hypopigmented macule skin lesions from
patients with TSC

To further validate these mechanisms in human melanocytes
and TSC patients, human normal primary epidermal mela-
nocytes were transfected with TSC2 small interfering RNA. In
TSC2-knockdown melanocytes (Figure 6a, red arrow),
decreased melanin granules, increased activation of mTOR
(Figure 6a, p-S6 in red), and up-regulated expression of the
autophagy marker LC3B (Figure 6a, upper panel), mito-
chondrial stress marker parkin (Figure 6a, middle panel), and
ER stress-related protein HSP70 (Figure 6a, lower panel) were
observed. Finally, skin tissue from healthy donors
(Figure 6b—d, upper panel) and skin tissue from TSC patients
before (Figure 6b—d, middle panel) and after (Figure 6b—d,
lower panel) treatment with topical rapamycin for 30 days
were analyzed. Rapamycin treatment resulted in abrogation
of reduced pigmentation in these macules. Increased
expression of LC3B (Figure 6b), HSP70 (Figure 6¢), and
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Figure 6. Melanin formation, endoplasmic reticulum stress, and mitochondrial oxidative stress by TSC2 knockdown in vitro and topical rapamycin treatment
in vivo. (a) In vitro, cultured human primary skin epidermal melanocytes were transiently transfected with TSC2 small interfering RNA. At 72 hours after
transfection, cells were fixed and immunostained with the indicated antibodies. Red arrows indicate TSC2-knckdown cells. Scale bar = 5 pm. The
corresponding bright field images are presented in the right panels. (b—d) TSC patients with hypopigmented macules were treated with topical rapamycin.
Before treatment and 1 month after treatment, skin biopsy samples were analyzed. The white rectangle outlines the area shown in the corresponding right panel.
White line-circled areas indicate melanocytes. Scale bar = 20 um. The corresponding bright field images are presented in the upper panels. TSC, tuberous

sclerosis complex.

parkin (Figure 6d) were reversed in the skin lesion after
rapamycin treatment. These results indicated that constitutive
mTOR activation-induced ER stress and mitochondrial
dysfunction in melanocytes were also involved in the
depigmentation observed in TSC2-knockdown melanocytes
and melanocytes of hypopigmented macule lesions.

DISCUSSION

We used a mouse model to show that deletion of Tsc2 in
melanocytes led to skin depigmentation in vivo. These

Journal of Investigative Dermatology (2018), Volume 138

experiments showed a mechanism whereby in vivo activation
of mTORCT1 signaling resulted in ER and mitochondrial
oxidative stress and subsequent impaired melanin synthesis.

Using in vitro cell-based assays and clinical samples from
TSC patients, mTORCT activation was implicated in multiple
events, including increased ER stress, unfolded protein
response activity, and mitochondrial oxidative stress. More-
over, our data showed that inhibition of mTORC1 activity
was important for lowering ER/mitochondrial stress and
alleviating depigmentation.



To date, the physiological role of the TSC complex/
mTORC1 has been investigated in several tissues using a
conditional knockout approach (Chen et al., 2008; Mori and
Guan, 2012; Mori et al., 2009; Shigeyama et al., 2008;
Uhlmann et al., 2002; Wong et al., 2003). However, condi-
tional knockout of Tsc in mouse melanocytes has not been
investigated. We generated conditional knockout of Tsc in
melanocytes of mice. Hyperactivation of mTORCT1 has been
recognized as the mechanism underlying the multisystemic
symptoms in TSC (Inoki et al., 2005; Kwiatkowski, 2003a).
The exact contribution of hyperactivation of mTORCI
signaling to hypopigmentation, however, is still not fully
understood. As is well known, hyperactivation of mTORC1
promotes cell proliferation and tumor formation via over-
production of protein (Saxton and Sabatini, 2017). However,
different from highly proliferative cells, melanocytes are a
stable cell population, normally living many years without
undergoing cell division (Yamaguchi et al., 2007). Thus, in
melanocytes, mTOR hyperactivation-induced protein over-
production is difficult to be overcome by cell division.
Therefore, subsequently, the balance between energy-
consuming protein synthesis and protein degradation may
be disrupted, and eventually ER and mitochondrial stress are
induced in melanocytes. In addition, energy is critical in
regulating melanosomal transporters, such as tyrosine and
cysteine transporters, and proton pumps that regulate the pH
within melanosomes (Yamaguchi et al., 2007). Thus, mito-
chondrial dysfunction and bio-energetic collapse might be
critical steps in depigmentation. Moreover, Ras-MAPK-ERK,
the cell’s other key mechanism for controlling growth, cell
survival, division, and metabolism, is well known to inhibit
melanogenesis. However, some explanations of this mecha-
nism have been controversial (Lin and Fisher, 2007). As
a speculative view, we thought that it might arise from a
similar mechanism to mTOR hyperactivation-mediated
hypopigmentation.

In summary, our model, which shows that mTORC1
hyperactivation in melanocytes results in hypopigmentation,
offers an in vivo model for depigmentation. This model may
also be useful for understanding the pathophysiology of
depigmentation, identifying cellular events that are down-
stream of MTORC1 hyperactivation, and developing thera-
peutic strategies for the treatment of hypopigmentation. Our
current findings provide insight into the mechanisms under-
lying hypopigmented macules in TSC and the function of
mTORC1 in pigmentation regulation. Furthermore, these
findings suggest that mTORC1 is a promising target for
treating hypopigmentation in TSC and in other forms of
depigmentation diseases that result from increased mTORC1
activation.

MATERIALS AND METHODS
Generation of melanocyte-specific Tsc2-knockout mice and
in vivo treatments
Tsc21oMoX mice and Mitf-Cre mice were generated as shown in
Figure Ta. Melanocyte-specific Tsc2-knockout mice were generated
by breeding Tsc2"1°* mice with Mitf-Cre mice.

For the rapamycin treatment, 0.2% sirolimus gel was prepared as
described in our previous reports (Wataya-Kaneda et al., 2012,
2015, 2017). Mice were treated topically with rapamycin gel
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every day for 2 weeks. 4-PBA was purchased from Santa Cruz
Biotechnology (Paso Robles, CA) and was dissolved in distilled water
for oral administration (1 g/kg/day) for 2 weeks. Experiments were
conducted in accordance with the Guiding Principles for the Care
and Use of Laboratory Animals, and the experimental protocol used
in this study was approved by the Committee for Animal Experiments
at Osaka University (Osaka, Japan).

Human skin specimens
Paraffin-embedded tissue sections of lesional skin from confirmed
TSC patients with hypopigmented macules (n = 10) and samples
from corresponding sites of healthy donors (n = 6) were used in this
study. Written informed consent was obtained from all participants
before study inclusion. The study was approved by the ethics com-
mittee of the Osaka University Faculty of Medicine (no. 10339).
Details on immunohistochemistry, Western blotting analysis, and
electron microscopy are provided in Supplementary Materials
online.

Statistics

Experiments were repeated at least three times. Data are presented
as mean =+ standard deviation. Statistical analysis was conducted
using two-way analysis of variance for interactions between vari-
ables. Unpaired Student ¢ test (Microsoft Excel; Microsoft Corp.,
Redmond, WA) was used for comparison between groups. P-values
less than 0.05 were considered statistically significant.
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