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Vitiligo affects 1% of the worldwide population. Halting disease progression and repigmenting the Jesional skin
represent the two faces of therapeutic challenge in vitiligo. We performed transcriptome analysis on lesional,
perilesional, and non-clepigmented skin from vitiligo patients and an matched skin from healthy subjects. We
found a significant increase in CXCL10 in non-depigmented and perilesional vitiligo skin compared with levels in
healthy control skin; however, neither CXCL10 nor other immune factors were deregulated in depigmented
vitiligo skin. Interestingly, the WNT pathway, which is involved in melanocyte differentiation, was altered
specifically in vitiligo skin. We demonstrated that oxidative stress decreases WNT expression/activation in
Keratinocytes and melanocyies. We developed an ex vivo skin model and confirmed the decrease activation of
the WNT pathway In human skin subjected to oxidative stress. Finally, using pharmacological agents that activate
the WNT pathway, we treated ex vivo depigmented skin from vitiligo patients anc successfully induced
differentiation of resident stem cells into pre-melanocytes. Our results shed light on the previously
unrecognized role of decreased WNT activation in the prevention of melanocyte differentiation in depigmented
vitiligo skin. Furthermore, these results support further clinical exploration ofWNT agonists to repigment vitiligo
lesions.
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INTRODUCTION
Vitiligo is a disease of acquired depigmentation of the skin,
sometimes affecting hair follicles. This condition affects
0.5-1% of the world population. Previous studies have
clearly demonstrated that vitiligo greatly impairs the quality
of life of affected individuals, and, as such, the development
of an effective therapy is critical (Radtke et a/., 2009;
Silverberg and Silverberg, 2013). The pathophysiology is

complex and involves many cellular players. Both oxidative
stress and the immune system have roles in vitiligo in

genetically predisposed individuals (in ef al, 2012;
Passeron and Ortonne, 2012; Spritz, 2012; Bellei et al,
2013; Schallreuter ef af., 2013). One of the main challenges of
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studying vitiligo is that the affected cells, the melanocytes, are
no longer present in the affected lesional skin. Animal models
using reactive T cells against melanocyte antigens have
provided interesting data about the immune reaction that is

thought to be involved in the depigmentation of vitiligo skin,
but these models are not adapted for studying the mecha-
nisms of melanocyte differentiation and repigmentation
in vitiligo skin (Mosenson ef a/., 2013; Rashighi et al,
2014), ARhough currently available treatrnents can provide
cosmetically acceptable repigmentation (> Taieb et al,
2013), repigrnentation consisting of the differentiation and

proliferation of new melanocytes in depigrnented vitiligo skin
remains difficult to achieve in mosi cases.

In order to further characterize the pathophysiological
mechanisms involved in vitiligo, we performed transcriptome
(Affymetrix) analysis in combination with expression profi-
ling of cytokines and chemokines in stratum corneum
from lesional, perilesional, and non-depigmented skin
samples from 10 vitiligo patients as well as from
localization-matched skin samples from 10 healthy volun-
teers. Functional analyses were then performed to further

explore our findings using in vitro experimenis and an ex vivo
skin model of vitiligo.
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RESULTS
Transcriptome analysis revealed a low-level immune reaction in
for Ceg ime tied aad per fe ox oe shop aX
the WNT pathway in depigmented skin
A total of 118 genes were upregulated, and 138 were

downregulated in lesional vitiligo skin compared with the
skin from healthy controls (Figure 1a). When perilesional and

non-depigmented vitiligo skin samples were compared with
er

es

were found to be upregulated, and 21 and 18 annotated

genes were downregulated, respectively. ingenuity Pathway

deregulation of melanocyte development and pigmentation
signaling, circadian signaling, and the WINT/B-catenin path-

of genes that were differentially
expressed between lesional and healthy skin from all samples
highlighted a transcriptional signature of melanocyte loss with
an almost complete extinction of the expression of melanocyte
markers in lesional samples (Figure 1c). Although we sought fo

iramnune cell subsets, we observed very few variations
din

among the vitiligo samples, and none reached the level of
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interestingly, a transcriptional network linking WINNT signal-
ing and melanogenesis pathways was observed using

Ca ty aS "oy Me
online). Lesional vitiligo skin is characterized by dowr-
regulated expression of lymphoid enhancer binding factor 1

{LEF1), the key transducer of the WNT signaling pathway, and
of downstream effectors, such as cadherin and cadherin 3

and INF regulatory factor 4 (IRF4). Lesional skin is also
characterized by upregulation of negative regulators of the
WRIT signaling pathway, such as p53, which is involved in

signal transduction of WNT players; TLE4, a Groucho family
member, and ZBTB33/Kaiso, which is involved in the

transcriptional repression of WNT target genes. Furthermore,
the transcription factor LEFT directly induces expression
of microphthalmia-associated transcription factor (MITF),we coral oy ie eh v7

og
ke PRES

has recently been identified as a direct target of LEFT and
MITF. At the functional level, IRF4 transactivates MITF
function by binding to shared melanocytic gene promotors

regulate melanogenesis through SOX10 transcriptional
im eg re

EDNRB, PCSK2, and PLPT genes.
Gur transcriptional analysis also revealed modulation of

the circadian pathway in the vitiligo samples. Because of
the known variation of these genes during the day, we
investigated whether these modulations were due to the time
of sampling or were linked directly to vitiligo pathogenesis
We analyzed the expression of the key circadian genes

TE SVE 5OK PERT ae MIE rey
Be sb G Ah eb
was found between the hour of sampling and gene expres-
sion, indicating that modulation of expression of these
circadian genes was not linked to vitiligo pathology but
rather fo sequential biopsy sampling at 1-h intervals
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tion of melanocytes, LEFT expression was not correlated with
ARNTL expression (Supplementary Figure $2b online), and
this finding was confirmed at the messenger RNA (mRNA)
level for several WNT members examined during the course
of the circadian cycle (data not shown).
The results of the transcriptional analysis were then

examined with quantitative real-time reverse-transcriptase-
PCR using Tagman Low Density Array (Life Technology,
Carlsbad, A, USA). A marked decrease in expression of ail

ook sag tsk 1 poo da tat 5

control skin confirmed the loss of melanocytes in the affectect

vitiligo skin (Figure 2a). Analysis of the expression of LEF1,
which serves as a key marker of the activation of the WNT
pathway, revealed that this factor was downregulated in
lesional vitiligo skin, in accord with the results of the

transcriptional analysis (Figure 2b). Finally, because CXCLIO
has been implicated in a mouse model of vitiligo (Rashighi
et al., 2014), we also analyzed CXCL10 expression in our skin
samples using Taqman Low Density Array. We observed a

significant increase in CXCL1O expression in perilesional
skin but also in non-depigrnented skin of vitiligo patients
compared with healthy conirols; however, the level of

4

C Regasvetii et al.
Targeting the WINNT Pathway for Repiementing Viiige

expression of CXCLIR in depigmented vitiligo lesions was
not different than that in healthy skin (Figure 2c).

involved in the immune reaction, although CXCL10
was significantly upregulated in perilesionaland in non-
depigmented skin of vitiligo patients. Thus, these finclings
highlighted the absence of an immune reaction in lesional
skin devoid of melanocytes and interestingly revealed a

downregulation of the WNT/§-catenin pathway in lesional
vitiligo skin.
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Analysis of straban corneum cyickines shows ne significant
dysregulation in vitiligo skin
A total of 62 cytokines were examined in the stratum corneum
of subjects with vitiligo and healthy volunteers via tape
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(Supplementary Table $2 online). No significant difference in
the cytokine profiles between pathological and non-

concentrations ranging from 1 to 7,000 pg mg of protein

53 online). The concentration of CXCLIO protein in the
(Po e484 (2EPR Op

c

obtained! from skin biopsies. Although CXCL10 was found to
be significantly upregulated within the non-lesional and
perilesional vitiligo skin compared with healthy controls at
the mRNA level, no significant modulation was observed
at the protein level in the stratum comeum between these

samples (Supplementary Table $4 online) These results
dernonstrate that cytokines do not accumulate in the stratum
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detectable in depigrnented skin regions.

Oxidative stress decreases WNT pathway activity in the skin
As the WNT pathway appeared to he affected in vitiligo skin,

A ve ore SUE AS
dysregulation. Oxidative stress has been reported to inhibit
the WNT/B-catenin pathway in kidney cells (Shin et af, 2004),
and other studies support a role for oxidative stress in vitiligo
(Bellel et al, 2013; Schallreuter et a/., 2013). We, therefore,
examined the impact of oxidative stress on WINT/§-catenin
activation in an ex vivo skin model. HO decreased the

expression of LEFT and CDH3 and of most WNT family
members, whereas the level of §-catenin remained stable
(Figure 3a and Supplementary Figure $3c online). H,O? also

Pepe NT oy
members in melanocyte and keratinocyte cultures (Figure 3b}
and the activity of the TCF/LEF promoter in melanocyte
culture (Figure 3c), In agreement to the results obtained with
the transcriptome analysis, after 8 days of treatment with

LEF1 and CDH3 remained decreased in ex vivo skin,
whereas the WNT members tended to exhibit increased
expression (Figure 3d and Supplementary Figure S3d online).

bt Kate ayy The

Development of an ex vivo model to study vitiligo skin
The difficulty in studying vitiigo Hes in the absence of a
model that mimics the in vivo conditions and also contains
stem cells that could be targeted to induce repigmentation.
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sample groups were compared with the healthy skin (HS) group using a t-test linear model without pairing. Differences in gene expression were considered

samples. The data were normalized re ative to expression of HPRT, ACTB, and GAPDH. The error bars display the SE of three replicates. P-<0.05; 0.01;
The TLDA validation set encompassed genes related to terminal differentiation of melanocytes (PMEL, MLANA, TYRP1, and DCT), transcription

factors involved in melanogenesis (MITF, FOXD3, KIT, and NANOG), and adhesion molecules expressed in melanocytes (PLKNC1, PCDH11X, COH2, and
mn ; 1

MITF, microphthalmia-associated transcription factor; TLDA, Taqman Low Density Array; TYR, tyrosinase.

Thus, we developed an ex vivo skin model that is viable long
enough to induce the differentiation of melanocyte stem cells
in vitiligo skin. In clinical practice, vitiligo lesions usually
require monihs io achieve complete or almost complete
repigmentation; however, in the best cases, the onset of
gigmentalion can sometimes be ohserved after 15 days of
treatment. We therefore examined the morphologic charac-
teristics of skin after treatment with the pigmentation inducer
forskolin after 15 days of ex vivo culture following abdomi-
noplasty skin surgery. At this time, the morphology of the skin
remained stable, compared with the initial conditions. We
noted only a flattening of the dermal-epidermal junction, and
such flattening may be owing fo a difference of tension in the
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was analyzed by quantitative PCR and immunofluorescence

Journal af investigative Germatclogy @01S}, Volume Ob

by studying the expression of the melanogenic genes MITF,
dopachrome tautomerase (DCT), and tyrosinase. In order to
assess the dose response of forskolin, the skin was stimulated
by forskolin systemically every other day. As expected!, the
initial response induced upregulation of MITF mRNA
(Figure 4b) and protein (Figure 4c) after 11 days of stimulation.
This phenomenon was transient, although expression
remained high after 15 days at a low forskolin concentration
(Figure 4b). After 15 days, we observed a strong increase of
the melanogenic enzymes DCT and tyrosinase at both the
mRNA and protein levels (Figures 4b and c). Despite the
activation of the melanogenesis pathway, we did not detect
an increase in melanin contain in the cells (data not shown).

and functional for as many as 15 days in culture.
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Pharmacological WNT pathway activators induce increased SKL20G1, and LIC! (Figures 5b and c). This result suggests
WNT pathway expression in ex vivo cultured vitilige skin initiation of melanocyte differentiation. MITF levels were
The WNT pathway is involved in melanocyte differentiation increased only in the skin treated with SKL2001 (Figure 5d);
(Yamada et ai, 2013, Fukunaga-Kalahis et af, 2015) anc however, this expressin was transient following stimulation.
wo have demonvtrated that this pathway 1s altered in vithgo suggesting that the time response is different for the different

stem cells, we pharmacologicaily activated the WNT pathway response to all treatments, 'but this effect was stronger in
in ex vivo vitiligo skin using the WNT agonist (SKL2001) and response to LICH (Fi igure 5e).

CG,

or Hey Vk a OSES rl Ge ee > We 9 ae 1. OES Naa sae, "e co-
chloride (LIC) and CHIR996021. We obtained biopsies from expression of DCT and PAX3 in order to investigate whether
nine vitiligo subjects from diverse body locations three from these treatments lead to the differentiation ofmelanocyte stem
the elbow, two from the trunk, two from the leg, one fromthe cells in pre-melanacytes in the skin. In vitiligo skin biopsies
arm, and one from the axilla}. We then treated the ex vivo cultured under control conditions, we observed no or few
cultures for 14 days via systemic stimulation every other isolated cells expressing PAX3 and DCT (Figure 51). FollowingCEE CeARNT ge TON ys eo Se hte ath Woractioter Prro Ug ef, etsy
of the WNT pathway indicated that treatment with LiCl, clusters of cells co-expressing the two markers in the hair
CHIR99021, of SKL2001 induced all WNT members and follicles and in the dermis, representing melanocytes under-

t x ey we ae oar +
4

x > gute ever

LEF1 atthe mRNA level after 14 days of stimulation (Figure 5a going differentiation. Taken together, these results showed
and Supplementary Figuie 4 online) that targeting the deticientWN1 pathway of vitihga skin using

WNa exviliis LON p ination .eGe tu Gideon
& vive treatment of depigmented skin biopsies from vitilige of melanocyte stem cells into pre-melanocytes.
patients with WAT activators induces the differentiation of
resident stem cells inte pre-melanecytes DISCUSSIGN
As we succeeded | n results emphasize the complexity of vitiligo pathophy-the WNT pathway in the Our

at

melanoblast markers following treatment. The mRNA levels the immune system, and notably CXCL10, in depigmnentation
of early melanoblast markers, such as PAX3 and BRN2, were of the skin in vitiligo patients, these data also indicate that
upregulated in biopsies stimulated with CHIR99021, neither CXCL10 nor other immune factors are deregulated in
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alroady depigmented vithgo skin Recently, the role of
CXCLIO and the INF-y pathway in a vitligo mouse model
and in some human vitiligo skin samples was demonstrated
iHarns et af, 2012, Rashigh et af, 2014) Interestingly, the
samples analyzed were selected because of the presence ot
an unmune infiltrate Our results, which show an increase

healthy control kin, are consistent with these data, howevel,

increased within unaffected skin of vithpo patients as
MKC Lees Hot ole

non-depigmenied skin in vitiligo patients has low-level
immunc activation that culminates in CXCLIO expression
Gn the contrary, we didi not observe any increase in the
CXCL10 expression in depigmented lesions that lack mela-
nocytes CXCLIO upregulation in non-lesional and perile-
sional skin may indicate a constitutive level ot secretion by
vitiige skin cells upon stress signaling Indeed CXCL10 1s

induced by a vatiety of innate stimuli that induce as
well as the adaptive imraune cell cytokine [FN-y CXC1L10 1s

best known for its role in leukocyte irafficking, purnanly
acting on CXCR3-expressing CD4* Thi cells, CD8* T cells,

and natural laller cells therefor, we speculate that skin-
resident momory colls and/or melanocytes thempelves may
serve as the intial CXCLIO producers, ultimately inducing
the recrurtment of CXCR3* cells Once melanocyte destruc-
tion 1s complete and the immune reaction 14 no longer active,
CXCLIO 15 no longer produced in the lesional areas

randomized placebo-controlled study that U 1% tacrolimus

relapse rate of successfully repigmented uhgo

> mR TAY

of Pes hy
lesions

> ao. e

therapy strongly suggests that a low-level immune reaction
occurs in the pigmented shin of vitihge pationts The only
other transcriptome analysis performed in vitihge skin before
now faved to reveal potent activation of the immune system,
although in contrast to our findings, this previous study
pointed to activation of some tactors mvolved in innate
imamuniy (in particular, on natural Miller cells, Yu et af, 2012)
Although we ensured that the lesions weie clinically active,
we cannot rule out the possibility that the samples in the

peilesional skin were devoid of immune intiltrate This may
have prevented the detection of immune dysregulation (aside
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from CXCL10) and may also explain the fact that we did not

by Yu et af. (2012).

Recently, the WNT/$-catenin pathway was found to have a
> FT TW EB Roepe boot arte te om MP ew oto ys

(Varnada et al, 2013). Within the skin, the secretion of WNT
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to the differentiation of stem ceils in melanocytes. Our
transcriptional analysis reveals an alteration of the WNT/B-
catenin pathway in vililgo skin with a significant decrease in
LEF/TCF expression that was confirmed using quantliative
real-time reverse-transcriptase-PCR. As LEFT is preciominantly
expressed by melanocytes in the skin, we cannot exclude the

possibility that this decrease merely reflects the absence of
melanocytes; however, other WNT pathway genes that were
found to be differentially expressed in the transcriptome
analysis are similarly expressed in keratinocytes and melanc-
cytes (e.g., CDH3, TLE4, and Kaiso; Supplementary Figure 5

online). In addition, our functional analyses further support
the impact of the decreased activation of the WNT pathway in

vitiligo as decreased expression of LEF1 and decreased
ach By OE LM

oxidative stress and differentiation of resident stem cells was
induced in pre-melanocytes following ex vivo stimulation
with WNT activators.
Gur transcriptome analysis also demonstrated that acdhe-

sion proteins, including cadherins, were also decreased in

vitiige skin. The WNT pathway is known to regulate
cr
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membranes in vitiligo patients, leading to decreased adhe-
siveness of these cells to the basal Jayer under oxidative and

aca' anne ¢ ot yf
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Mtns
emphasized the role of oxidative stess in vitiligo (Maresca
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and Ortonne, 2012; Toosi et af, 2012), and our data clearly

in melanocytes and keratinocytes. WNT ligands and LEF1 are
first decreased in both melanocytes and keratinocytes; yet,
decreased levels of LEF1 and CDH3 persist in vitiligo skin
ex vive despite the augmentation of WNT probably owing to

compensation of the impaired pathway. in vitiligo lesions
devoid of melanocytes, the keratinocytes are presumably Biopsies for the microarray analysis were stored

besp a wb a
wd ye profs ov >

into account the central role of the WNUB- catenin path- extraction, ihe samples were hornogenized with a potier in Qiagen

hypothesize that oxidative stress negative impacts the

x

hs Nye ce PH Ge ee at yO Yeeg 1

siem cells by stimulating the WNT/p-catenin paihway, which
was altered in vitiligo lesions. Using our ex vivo model for

SO

OO CS
treatment with WNT agonists or GSK38 inhibitors induce
increased expression of melanocyte markers, triggering the
chtferentiation of resident melanocyte stem cells in pre-
melanocytes expressing PAX3 and DCT. Interestingly, we
observed pre-melanocytes not only in the hair follicles but
also in the dermis, suggesting that this approach may be

helpful foi the differentiation of dermal stem cells of glabrous
skin (Li et af, 2010). The cells that expressed DCT and
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cells (data not shown). Such localization and expression
paiterns of melanocyte markers strongly suggest that these
cells are pre-melanocyies. In all likelihood, hewever, the
limited timeframe of our ex viva model is too short to obtain
fully differentiated melanocytes.
Taken together, our results demonstrate that the immune

reaction in vitiligo occurs only at very low levels. Specifically,
an increase in CXCLIO expression in non-depigmented and

perilesional skin was observed, and an imraune reaction is
no longer detectable in vitiligo lesions already devoid of
melanocytes. These findings also highlight a previously
unrecognized defect in WNT/B-catenin activation triggered
by oxidative stress, and this defect may effectively prevent the
differentiation of melanocyte stern cells (Figure 6). These

c

$

pathophysiology of vititge but also support further clinical
exploration af WNT activators for repigmenting vitilige
lesions.

MATERIALS AND METHODS
Patients for transcriptomic analysis

> ay ft7

t vstde
3 months and having hypochromic borders upon Wood's lamp
examination, were enrolled in the study after informed, written

Ls

committee 012034) A 4 ram skin biopsy was taken from each

patient in ihe center of a vitihgo paich, in the peritesional area
1 onal

lesion. A 4-mm biopsy was also taken fram to healthy patients and

et af, 491, Bellei ef af, 2013, Schallreuter ef a/, 20131

yted

The procedure for taking samples and the characteristics of the

patient population are described in Supplementary Figures Sta and
Sib ontine.

6© iin

Transcriptomic analysis
in RNA Stabilization

Ce Tho
FP
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extraction kits (Qiagen) according to the manufacturers protocol.
>é € x 5

rc
oa cr ee EK x wal oN RAMA

quality was monitored using 3a 100 Bioanalyrer (Agibent
Technologies, Waldbronn, German Probes were synthesized and

mo Sogn 4, 3 ye ss

Santa Clara, CA, USA). All chips were normalized using the robust

multi-array average method (Bolstad ef af, 2003). Only Affymetrix
identifiers IDs) with expression Zexn6(o4) for at least 7 out of 10

samples in at least 1 sample group (lesional (LS), non-lesional (NLS),
perilesional (PLS), or healthy) were selected. Finally, 29,906 of
54,675 Ds that were initially present were kept for statistical

analyses, and thresholds of modulation of 1 5 and of ~15 were
selected for further analyses. Data analysis was performed on Array

2 « K,

tan « Ni

dure

Aas Wat Vt ote8



C Regasvetii et al.
Targeting the WNT Pathway for Repigrnenting Vitiliga

Vitiligo lesional skinHealthy skin

8 Melanosyte Koratinecyte

ar
*

N so v \T iS % ae

immune
sysem * Ot O00 cop oo Oxidative stress

Antigen
release Gall adhesion£ ¢

Differentiation and A

migration Molanocyie
Setachment and Differentiation and

meianocyte death migration

O EN8

1

Stern cali Stem cell
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melanocytes induces the differentiation and proliferation of melanocyte stem cells, allowing the constant turnover of the poo s of epidermal melanocytes. In

re eases melanocyte antigens that stimulate an autoimmune response and ultimate y lead to the complete disappearance of melanocyte from the epidermis (and
vitil sON

se s © ra
de Ck

i i yo OT Ge

e)
We hypothesize that depending on the patient and the course of the disease, these two mechanisms may be differentially implicated, leading to active

depigmentation of the skin and resistance to repigmenting approaches.

(1995) was used for correction of multiple testing. The raw data are
©

Average-linkage hierarchical clustering using Pearson correlation
was performed using the Cluster v.3.0 program (Eisen et a/., 1998).

Graphic outputs were generated with the JavaTreeView3.0 software

(Saldanha, 2004). Functional annotation and gene networks for ihe

differentially expressed genes among sample groups were generated
using the QIAGEN IPA (QIAGEN, Redwood City. CA. USA; www.

glagen.convingenully).

& vive skin culture

the ex vivo skin culture model. The subcutaneous fat was removed,
and biopsies of 6 mm were taken from skin composed of dermis and

epidermis. For vitiligo skin biopsies, after informed consent was
obtained and the absence of melanocytes with Wood's lamp was

verified, two to three 6-mm biopsies composed of dermis and

ep
a se

rapidly placed into a 0.4-ym Transwell chamber (Becton Dickinson,
Franklin Lakes, Nj, USA) and maintained under semi-iquid culture
conditions in "Skin longterm culture medium" (Biopredic, Saint

Grégoire, France}. The skin was maintained at 37°C in a 5% CO,
atmosphere. The culture medium that was supplemented with
forskolin (Sigrna-Aldrich, Saint-Louis, MOQ), LIC] (Sigma-Aldrich),
CHR99021 (Calbiochem, San Diego, CA, USA), or SKL2001 (Calbio-
chern) was changed every day during the 14-day period,

The methods for Luminex 200 system (Luminex Corporation,

quantitative real-time reverse-transcriptase-PCR, and histological
wee re re f iy ave ef

™
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