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To analyse the binding of sugar chains to proteins, viruses and cells, the surface
plasmon resonance (SPR) technique is very convenient and effective because it is a
real-time, non-destructive detection system. Key to this method is linker compounds
for immobilization of the sugar chains to the gold-coated chip for SPR. Also, well-
designed fluorescent labelling reagents are essential when analysing the structure of
trace amounts of sugar chains derived from natural sources, such as glycoproteins on
the surface of speecific cells. In this report, we developed a novel linker molecule,
named ‘f-mono’, which has both of these properties; simple immobilization chemistry
and a fluorescent label. Since the molecule contains a 2,5-diaminopyridyl group and a
thioctic acid group, conjugation with sugar chains can be achieved using the well-
established reductive amination reaction. This conjugate of sugar chain and fluores-
cent linker (fluorescent ligand-conjugate, FLC) has fluorescent properties (ex. 335 nm,
em. 380 nm), and as little as 1 ug of FLC can be easily purified using HPLC with a flu-
orescent detector. MS and MS/MS analysis of the FLC is also possible. As a +2Da larger
MS peak (IM + H +2]" ion) was always associated with the theoretical MS peak (M + HJ")
(due to the reduction of the thioctic acid moiety), the MS peaks of the FL.C were easily
found, even using unfractionated crude samples. Immobilization of the FLC onto gold-
coated chips, and their subsequent SPR analyses were successively accomplished,
as had been performed previously using non-fluorescent ligand conjugates.

Key words: immobilization, sugar chain, high sensitivity, analysis, fluorescence,

linker molecule, mass spectrometry.

Abbreviations: DMAc¢, N, N-dimethyl acetoamide; aoWS, N*((aminooxylacetyliryptophanylarginine
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The carbohydrates that make up proteoglycans, glycopro-
teins or glycolipids are responsible for many hiological
functions and play crucial roles in cellular binding and sig-
nalling (1). However, because of their structural complex-
ity, the methods for studying sugar chains are more
challenging than that for DNA, RNA or proteins. The
numerous isomeric and anomeric configurations of sugar
chains, as well as the difficulties in isolating sufficient
quantities of naturally cccurring sugars, make binding
analysis and structure—function studies challenging.

For the structural analysis of naturally occurring
sugar chains, fluorescent labelling of the sugars has
been one popular technique (2). Recently, mass spectrom-
etry (MS) has been used for structural analysis of sugar
structures, thanks to the development of stracturally
well-defined standards (3, 4). Surface plasmon resonance
(SPR) methodology is also a very effective method
to quantify binding interactions between sugar-chains
and lectins or viruses in real time, because it is a
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non-destructive technology that does not require large
quantities of the often scarce materials to be studied
(5-9). We have previously reported the development of
the ‘sugar chip’, in which defined sugar chains are immo-
bilized on an. SPR sensor chip using our specialized
linker molecules (10, 11). But the purification of these
linker-carbohydrate conjugates for SPR has been difficult
when the quantities of the target sugar chains were lim-
ited {i.e. <1mg). To overcome this and the other chal-
lenges in the analysis of scarce sugar chains, we have
developed a novel carbohydrate linker molecule that is
also fluorescent (named ‘f-mono’). Here we report the suc-
cessful synthesis of this novel fluorescent linker mole-
cule, and the preparation and purification of conjugates
(fluorescent ligand-conjugate or FLC) using as little as
1ug of sugar chain. These FLCs were then effectively
employed in SPR analysis of carbohydrate—protein bind-
ing, as well as MS and MS/MS structural analyses.

MATERIALS AND METHODS

General Procedure—All reactions in organic media
were carried out with freshly distilled solvents or with
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commercially available extra grade solvents purchased
from Kanto Chem. Co. (Tokyo, Japan), Nacalai Tesque
(Kyoto, Japan) or Wako Chem. Co. (Osaka, Japan).
Silica gel column chromatography was performed using
PSQ 60B (Fuji Silysia Chem. Ltd., Aichi, Japan).
Electrospray ionization time-of-flight mass (ESI-TOF/
MS) spectra were obtained by Mariner™ (Applied
Biosystems, Framingham, MA, USA). '"H-NMR measure-
ments were performed with JEOL (Tokyo, Japan)
ECA-600.

Synthesis of fmono linker—2,6-Diaminopyridine
(1.06 g, 9.70 mmol, Sigma, USA) and thioctic acid (1.00g,
4.80 mmol, Sigma, USA) were dissolved in anhydrous
N, N-dimethylformamide (10ml). Then, 1l-hydroxy-7-
azabenzotriazole (HOAt, 0.66 g, 4.80 mmol), 1-ethyl-3-(3-
dimethylaminopropylearbodiimide  monohydrochloride
(EDC-HCI, 0.93 g, 4.80 mmol), and diisopropylethylamine
(DIEA, 0.84ml, 4.80mmol) were added to the solution.
After stirring for 6 h under argon gas, the reaction product
was extracted into the organic phase using dichloro-
methane (CHyCly, 20ml), and was washed with water
(10 ml) three times and then with saturated sodium bicar-
bonate agueous solution. The product was then purified by
silica gel column chromatography (80g, eluted with
toluene/ethyl acetate=3/1, v/v) to obtain a yellow solid.
Yield: 1.37g (95%). MS caled. for C13HgN30S,: 297.10,
Found: m/z 298.12 [M +H]*; "H NMR (600 MHz, CDC13),
37.58 (1H, s); 7.63 (1H, d, J=7.5Hz), 7.46 (1H, t, J=7.6,
J=82Hz), 6.26 (1H, d, J=8.2Hz), 4.24 (1H, m), 3.59-3.56
(1H, m), 3.19-3.10 (2H, m), 2.48-2.44 (1H, m), 2.37-2.34
(2H, m), 1.93-1.90 (1H, m), 1.77-1.68 (4H, m), 1.53-1.48
(2H, m).

Preparation of a Conjugate with Lactose—lactose
monchydrate (20mg, 56umol). and  fmono (18mg,
61pmol) were dissolved in a 2.2ml solution of Hy0/
AcOH/DMAc=5/1/6 (v/v/v). After stirring for 5h,
sodium cyanoborohydrate (17mg, 280pumol) was added
to the solution. The reaction mixture was left standing
at 37°C for 1.5 days and lyophilized. The residue was
dissolved in water and purified with an ODS column
(20g, 1.8em® x 46 cm, eluted with water/methancl=1/1,
v/v). The appropriate fraction was lyophilized with water
to obtain the desired final product: fluorescent ligand-
conjugate (FLC, abbreviated as Galf1-4Gle-f-mono) as a
white powder. Yield: 19mg (50%). MS' “caled. for
CosH1N301:Sz: 623.17, Found: m/z 624.17 [M+HI*; 'H
NMR (600 MHz, MeOD), 6 7.31 (1H, d, J=8.1Hz), 6.99
(1H, d, J=2.0Hz), 6.20 (1H, d, J=8.0Hz), 4.28 (1H, d,
H-19, 3.89 (1H, dd, H-4), 3.75 (2H, m, H-2, H-5), 3.63
(3H, m, H-3, H-6a, H-6b), 3.562 (1H, m), 3.45 (1H, m,
H-4), 3.30 (24, m, H-3, H-5), 3.25-3.14 (2H, m,
H-1a,H-2), 3.05-2.94 (3H, m, H-1b), 2.36 (1H, m), 2.26
(2H, t,/=7.3Hz), 1.84-1.76 (1H, m), 1.54-1.35 (6H, m).

Preparation of a Conjugate with Maltose—Maltose
{20 mig, 56 pmol) and fmono (18 mg, 61 unol) were dis-
solved in a 2.2ml solution of HyO/AcOH/DMAc=5/1/5
(v/vfv). After stirring for 5h, sodium cyanoborohydrate
(17 mg, 280 umol) was added to the solution. The reaction
mixture was left standing at 37°C for 1.5 days, and lyo-
philized. The residue was dissolved in water and purified
with ODS column (20g, 1.8cm® x 46cm, eluted with
water/methanol = 1/1, v/v). The appropriate fraction was
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Iyophilized with water to obtain Gleul-4Gle-f-mono as a
white powder. Yield: 17mg (46%). MS caled. for
CasHN3011S2: 623.17, Found: m/z 624.17 [M+H]+; 'H
NMR (600 MHz, MeOD), § 7.32 (1H,d), 6.99 (1H, d), 6.20
(1H, d), 4.95 (1H, s, H-1), 3.89-3.78 (3H, m, H-2, H-4,
H-5), 3.63 (3H, m, H-3, H-6a, H-6b), 3.42 (1H, m), 3.38
(1H, d, H-4", 3.13 (2H, m, H-3', H-5"), 2.85-2.3 (5H, m,
H-1a,H-2), 3.05-2.94 (3H, m, H-1b), 2.36 (1H, m),
1.74-1.26 (7TH, m).

SPR Analysis—SPR experiments were perfomed with
a 12-channel SPR machine (Moritex Co., Yokochama,
Japan) using the manufacturer’s recommended guide-
lines with slight modification. Sensor chips used for
SPR experiments were prepared as follows. The gold-
coated chip was purchased from SUDx-Biotec
(Kagoshima, Japan), and washed in ozone cleaner. The
chip was soaked in a 10-, 1-, or 0.1-uM solution of
Galp1-4Gle-f-mono or Glevl-4Gle-fmono, dissolved in
methanol/water=1/1 (v/v) at room temperature for 2h
or overnight, followed by subsequent washing with a
methanol/water (1/1, v/v) containing 0.05% Tween-20,
phosphate-buffered saline (PBS) at pH 7.4 containing
0.05% Tween-20, and PBS (pH 7.4). All washings were
done with ultra-sonication for 20 min.

Binding studies were performed between test proteins
in the aqueous phase and the stated sugars immobilized
via fluorescent linkers (f-mono) attached to the sugar
chips, The test proteins concanavalin A (Con A, EY
Laboratories, San Mateo, CA, USA), RCA120 (Ricinus
Communis Agglutinin I, Vector Laboratories, Servion,
Switzerland), and bovine serum albumin (BSA, Nakalai
Tesque) were perfused in the aqueous phase (PBS with
0.056% Tween-20at pH 7.4) at a flow rate of 15pl/min
at 25°C.

Fluorescent Spectra—Fluorescent spectra were mea-
sured with a Spectro Fluorometer FP-6310 (JASCO,
Tokyo, dJapan). The concentration of fmono was
100pg/iml in CHCl;. For comparison, our previous
mono-valent non-fluorescent linker molecule [abbreviated
as ‘roono’ in this paper (11)} was dissolved in CHCI; at
100 pg/ml, and used asa control.

Meass Spectrometry—MS and MS/MS spectra of FLCs
were obtained with an AXIMA-QIT (Shimadzu, Kyoto,
Japan), which is a ‘quadrupole ion trap and matrix-
assisted laser desorptionfionization time-of-flight mass
spectrometer (QIT-MALDI-TOF/MS). Acquisition and
data processing were controlled by the manufacturer’s
software (Kratos Analytical, Manchester, UK).  For
matrix, a purified  2,5-dihydroxybenzoic acid (DHBA)
was dissolved in a mixed solvent with double distilled
water ' containing 0.1% TFA/acetonitrile=3/1 (v/v) - at
10mg/ml. To 1l of sample dissolved in the above mixed
solvent spotted on a stainless-steel target, an equal
volume of matrix solution was placed and allowed to dry.

Preparation of f-mono-Labelled Glycans from Human
IgG—One hundred micrograms of human IgG (Institute
of Immunology Co., LTD., Tokyo, Japan) was dissolved in
5l of HyO and 5l of 1M aqueous NH,HCO;, and 5l of
120 mM aqueous dithiothreitol were added. The reaction
solution was heated at 60°C for 30min. Then, 10pul of
123 mM agqueous iodoacetamide was added. After incuba-
tion in the dark at room temperature for an hour, 10l of
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trypsin (Sigma-Aldrich, 40 U/ul, dissolved in 1mM HCD
was added. After an hour, trypsin was inactivated by
heating at 90°C for 5min. Then, 10U of PNGase F
(Roche, Switzerland) was added to the solution (12).
After incubating at 37°C for 12h, the solution was
lyophilized.

The lyophilized residue was dissolved in 20l of Hy0,
and concentrated by Blot Glyco (Kit No. MALDI type
BS-456018, Sumitomo Bakelite Co., Ltd. Tokyo, Japan)
(13, 14). At the final stage, using the manufacturer’s
guideline, N-glycans from IgG were released in Hy0,
lyophilized and transformed to fluorescent ligand conju-
gates as follows. The mixture of naturally occurring
lyophilized N-glycans and f-mono (100mg, 340 umol)
were dissolved in 1.0ml of a mixed solvent (HoO/AcOH/
DMAc=5/1/5, viviv). After 5h, sodium cyanoborohydrate
(62mg, 1.0mmol) was added to the solution. The reaction
mixture was left standing at 37°C for 1.5 days and lyo-
philized. To the residue, 200l of HyO was added. Then,
the aqueous phase was washed three times with 2001 of
phencl/CHCly (1.1, v/v). The aqueous layer was concen-
trated in vacuo, and excess f-mono and other chemical
reagents were removed using an ODS short column
attached to the kit. For comparison, the N-glycans of
1gG were transformed to the ‘sugar-aoWRs condensation
product (I5) according to the manufacturer’s manual.
The labelled N-glycans were examined by HPLC
(Pump: L1-6200, HITACHI, Tokyo, Japan; Detector:
FP 2020, JASCO, Tokyo, Japan; Column: COSMOSIL
5C;s-PAQ Waters, Nacalai Tesque; Elution: Hy0/
MeOH =1/1, v/v), and by mass spectrometry as described
above.

~
l »

HN TN VNH,
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RESULTS AND DISCUSSION

Introducing fluorescence into the linker was accom-
plished by replacing the 2,6-diaminobenzene unit of
our original linker molecule (mono) (71), with a
2,6-diaminopyridine moiety (Scheme 1). The labelling of
sugar chains using 2-aminopyridine (PA) reported by
Hase et al. (16) was a pioneering advance for the analysis
of trace amounts of sugar-chains, and has been applied to
2- or 3-dimensional mapping by Takahashi et al. (17, 18)
for the conventional structural identification of sugar
chains from natural sources, such as glycoproteins. The
high fluorescence of the 2,6-diaminopyridine moiety has
also been well established, and its use for the biotinyla-
tion or immobilization of sugar chains has been reported
(19, 20). As expected, our novel fmono linker molecule
showed fluorescence at an excitation (ex) maximum of
335nm and an emission (em) maximum of 380nm.
Since the sensitivity of detection of fluorescence is
about 1,000 times higher than that of UV/VIS, a small
quantity (~1nmol) of sugar chain can be effectively
derivatized by using this f-mono linker molecule. In addi-
tion, the molecular absorption coefficient (¢ value) of
f-mono was five times higher than that of the original
linker molecule from which it was derived, indicating
increased sensitivity even with a standard UV/VIS
detector.

Figure 1 shows the SPR data of Con A, RCA120 and
BSA binding to x-glucose or B-galactose immobilized via
FLCs prepared with the f~mono linker to the sensor chip.
BSA was used as a negative control, because our previ-
ous investigation (21) showed that it does not bind to

2 DIEA, EDC-HCI
HoAt
HO
DMF, 6 h, t
S~s quant.

f-mono linker

NaBH,CN
Lactose

H,0 : DMAc: AcOH=5:6:1
37°C, 1.5 d, in dark
50%

f-mono linker
NaBH,;CN

Maltose
HyO :DMAc: AcOH=5:5:1
37°C, 1.5 d, in dark

46%

m i
/
> N N N)J\/\/\m
H
S—g

f-mono linker

OH OH | N 2
HO 0 OH ~
N N N
- OH \s OH N N
oH OH S~s

Galp1-4Glc-f-mono

N 0
OH CH |
0 OH Z
N7 N7 N
- OH e N N
HO " on OH S~g

Glca1-4Glc-f-mono

Scheme 1. Synthesis of f-mono linker and preparation of ligand conjugates, Galpl-4Glc-f-mono and Glcal-4Gle-f-mono.
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Fig. 1. SPR analysis of lectins (Con A and RCA120) binding
to defined sugars. Galpl-4Gle-f-mone or Gleul-4Gle-f-mono
were immobilized on gold-coated chips (see MATERIALS AND
METHODS section for details). The test proteins were perfused in
the aqueous phase (PBS with 0.056% Tween-20at pH 7.4) at

a flow rate of 15 ul/min at 25°C using a 12-channel SPR machine
(Moritex Co., Tokye, Japan). (a) Dependency of the lectin binding
on concentration of FLCs immobilized on the chip. (b) SPR sensor
grams of RCA120 for the Galpl-4Gle-f-mone chip, and Con A for
the Gley1-4Gle-f-mono chip, immobilized at 1 M.
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g-glucose or P-galactose. Figure 1(a) illustrates the
dependency of protein binding on the density of immobi-
lization of the sugar chain vie FLCs on the chip. The
data suggest that the optimal density for immobilization
of both FLCs appears to be ~1 M. At higher concentra-
tions, steric hindrance due to the high concentration of
ligands may occur and prevent the binding of protein. At
0.1 M of FLC the ligand sugar chains may be too diluted
on the chip to effectively bind protein, because of non-
clustered ligands.

Using the chip immobilized with Galpl-4Gle-f-mono,
it was detected that RCA120 bound, but Con A and
BSA did not. In contrast, using the chip with
Glea1-4Gle-fmono, Con A bound, but RCA120 and BSA

(a) 624.17 [M+H}*

626.18,"
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did not. The binding of BSA to the sensor chips was
negligible,

Figure 1(b) shows typical sensorgrams of RCA120 and
Con A binding to the appropriate sugar chip. The calcu-
lated binding parameters were in agreement with those
in the literatures (22, 23) and with our previous data
using a non-fluorescent linker molecule. The kinetic
parameters were; RCA120 vs. Galfl-4Gle-f-mono,
kom=63x10°M 757, k,r=41x107s"", Kp=0.66uM;

Jon A vs. Qleal-4Gle-frmono, ko,=2.5 x 103 M7,
kor=3.1x10 s Kp=1.2pM.

The results of MS and MS/MS analyses of Galp1-4Gle-
f-mono are shown in Fig. 2. A set of two unique peaks
was detected. In addition to the regular (M +H]" and

646,15 [M+Na]*

648.15

64717

live

(b)

188

m/Z

Y

461.96

624.11
162 .

m/Z

Fig. 2. MS and MS/MS analyses of Gall-4Gle-f-mono. was used (see . MATERIALS AND METHODS section for details).

A quadrupole ion trap and matrix-assisted laser desorption/ (a) MS spectrum of GalBl-4Gle-f-mono; (b) MS/MS analysis of

ionization time-of-flight mass spectrometer (AXIMA-QIT) GalB1-4Gle-fmono.
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[M+Na}* ion, 2-Da bigger peaks (IM+H+2]" and
M +Na+2]*) were found [Fig. 2(a)]. These later peaks
were derived from the reduction of the disulphide bond
in the thioctic acid moiety of f-mono, since DHB (the
matrix for MALDI) tends to reduce samples with the
laser energy (24). This property of the f-mono linker
was very useful for distinguishing MS peaks of f-mono-
labelled glycans from contaminating peaks. In the
MS/MS analysis, peaks lacking a galactose unit and
thioctic acid from the precursor ion (m/z 624) were
observed [Fig. 2(b)]. The cleavage here was as simple
in the MS/MS analysis as that using PA-labelled
sugar chains (3), facilitating structural analysis. For
analysing structure and identifying specific sugars, the
f-mono linker greatly enhanced the ability to recognize
the labelled glycans. From these results, it is suggested
that our f~mono linker is a highly effective reagent for
MS analysis, at least in a system employing MALDI-QIT
and DHBA.

Next, the N-glycans of human IgG were analysed using
f-mono. As described in MATERIALS AND METHODS section,
N-glycans were extracted from human IgG, concentrated,
and then reacted with f~mono. Figure 3 shows the HPLC
profile. Two fractions were collected and analysed using
MS and MS/MS to confirm f-mono-labelled N-glycans
{Fig. 81). From the MS and MS/MS, 162 or 203 different
peaks were obtained, suggesting the carbohydrate-
derived compounds. In addition, the f-mono labelled gly-
cans were quite easily visualized as +2-Da differentially
larger peaks in MS. From the calibration curve (Fig. 52)
prepared with GalBl-4Gle-f-mono, 518 pmol of labelled
compounds were estimated to obtain from 100ug of IgG
using the HPLC results, and the detection limit in our
HPLC system was estimated to be 5pmol in 10pl of
injected sample solution.

For comparison, the released N-glycans were also
labelled with a reagent (aoWRs) from the kit for MS.

intensity

Fig. 3. HPLC profile of f-mono labelled N-linked sugar
chains from IgG. The extraction of N-glycan and its labelling
are described in the MATERIALS AND METHODS section. The condi-
tions of HPLC were as follows. Column: COSMOSIL 5C3-PAQ
Waters (Nacalai Tesque, 4.6 x 150mm); elution: methanol/
water = 1/1 (v/v).

M. Sato ef al.

By HPLC analysis, acWRs-labelled N-glycans did not
reveal any detectable peaks because a0WRs had no fluor-
escence. The MS data are summarized in Fig. 4. The MS
spectrum of aoWRs-labelled N-glycans showed six glycan
peaks clearly {Fig. 4(a)]. But in the case of the f-mono-
labelled glycans, four additional glycans were clearly
detected in the MS spectrum [Fig. 4(b)]. Furthermore,
the larger 2-Da ions were observed as described above.
Figure 4(c) shows the MS/MS spectrum of m/z 1947.1
ions of f-mono-labelled N-glycans. A wealth of structural
information could be obtained from this spectrum. For
example, from this peak the structure of the glycan con-
taining four hexosamines and five hexoses was easily
disclosed. In contrast, the MS/MS analysis of aoWRs-
labelled glycan was not possible (data not shown).

The fluorescent intensity of the f-mono reagent was
about 1/3 compared to that of 6-aminopyridine (PA) at
the same concentration. Therefore, as judged by fluores-
cent intensity alone, the f-mono reagent is less sensitive.
PA-derivatized sugar chains can be analysed by MS, but
the f-mono derivatized one can be more easily detected
because +2Da differentially larger peaks are seen every
time. Therefore, the novelty of this ffmono reagent is
not the improvement of fluorescent sensitivity, but the
significant improvement in MS peak identification.
Moreover, the derivatized and analysed sugar chain
with f-mono can be immobilized on SPR sensor chip
sequentially, That is, the extensive merit of this f-mono
reagent is that a more-comprehensive and integrated
analysis of sugar chains can be sequentially performed
using HPLC, MS and SPR.

The difficulty of synthesizing rigorously, structurally
defined sugar chains remains a significant challenge to
structure—function studies of carbohydrates. Narimatsu
and colleagues (25) have made important advances in
the preparation of sugar-chains using glycosyltrans-
ferases, and this synthetic approach holds promise.
However, at this time, it is still challenging to prepare
large, complex sugar chains. Therefore, for structure—
function analyses, approaches that are economical in
their use of scarce sugar chains have advantages. One
solution is the SPR sugar-chip approach we have illu-
strated here. By immobilizing the sugar chains on the
chip one can use it multiple times. In this case, it is a
key to have an efficient linker molecule for immobiliza-
tion of trace amounts of the defined sugar chain, of which
the f-mono linker molecule is a good example.

In conclusion, the f-mono linker molecule is easily
gynthesized and its ligand-conjugates are easily purified.
The labelled glycans are able to be traced with HPLC
because of their fluorescence, making this a good appli-
cation for trace amounts of glycan (~1pmol/ul).
Furthermore, the labelled glycan can be used for binding
experiments using SPR, as we have previously demon-
strated with non-fluorescent linker-conjugates. MS and
MS/MS analyses of f-mono-labelled glycan were possible
and effective in determining the glycan’s primary struc-
ture, because the larger 2-Da ion peaks could be used to
distinguish the labelled glycan-derived peaks. With this
novel linker molecule, both the structural and functional
binding analysis of trace amount of glycans are greatly
facilitated, suggesting that this fluorescent linker
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Fig. 4. MS and MS/MS analyses of labelled N-linked sugar
chains from IgG. From 100pg of human IgG, N-linked sugar
chains were liberated by PNGase F, and concentrated by Blot
Glyco (Sumitomo Bakelite Co., Ltd. Tokyo, Japan). The N-glycans
were then released in Hy0O, lyophilized and transformed to
f-mono labelled or aoWRs conjugates as described in MATERIALS

Vol. 146, No. 1, 2009

AND METHODS section. The labelled N-glycans were examined
with mass spectrometry as described above. (a) aoWRs-labelled
N-glycans. (b) f-mono labelled N-glycans. (¢) MS/MS analysis of a
peak (m/z=1497.1) from the MS of f-mono labelled N-linked
sugar chain from IgG.
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technology should be a useful tool in the study of proteo-
glycomics.

SUPPLEMENTARY DATA

Supplementary data are available at JB online.
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Two distinct types of mouse melanocyte: differential
signaling requirement for the maintenance of non-
cutaneous and dermal versus epidermal melanocytes

Hitomi Aoki, Yasuhiro Yamada?, Akira Hara? and Takahiro Kunisada'*

Unlike the thoroughly investigated melanocyte population in the hair follicle of the epidermis, the growth and differentiation
requirements of the melanocytes in the eye, harderian gland and inner ear - the so-called non-cutaneous melanocytes - remain
unclear. In this study, we investigated the in vitro and in vivo effects of the factors that regulate melanocyte development on the
stem cells or the precursors of these non-cutaneous melanocytes. In general, a reduction in KIT receptor tyrosine kinase signaling
leads to disordered melanocyte development. However, melanocytes in the eye, ear and harderian gland were revealed to be less
sensitive to KIT signaling than cutaneous melanocytes. Instead, melanocytes in the eye and harderian gland were stimulated more
effectively by endothelin 3 (ET3) or hepatocyte growth factor (HGF) signals than by KIT signaling, and the precursors of these
melanocytes expressed the lowest amount of KIT. The growth and differentiation of these non-cutaneous melanocytes were
specifically inhibited by antagonists for ET3 and HGF. In transgenic mice induced to express ET3 or HGF in their skin and epithelial
tissues from human cytokeratin 14 promoters, the survival and differentiation of non-cutaneous and dermal melanocytes, but not

epidermal melanocytes, were enhanced, apparently irrespective of KiT signaling. These results provide a molecular basis for the
clear discrimination between non-cutaneous or dermal melanocytes and epidermal melanocytes, a difference that might be
important in the pathogenesis of melanocyte-related diseases and melanomas.

KEY WORDS: Melanocytes, c-KIT, KITL, Endothelin, HGF, Mouse

INTRODUCTION

Melanocytes develop from the pluripotent neural crest, which also
gives rise to a number of other cell types, including neurons and glial
cells of the peripheral nervous system as well as bone and cartilage
cells of the head skeleton. Their immature form, called the
melanoblast, migrates along characteristic pathways to various
destinations, such as the dermis and epidermis, the inner ear and the
choroids of the eye (for reviews, see Hall, 1999; Le Douarin and
Kalcheim, 1999).

The proliferation and differentiation of melanocytes in hair foilicles
are closely coupled with the hair regeneration cycle. The follicular
melanocytes comprise a stem cell system, and melanocyte stem cells
reside in the upper permanent portion of the hair follicles throughout
the hair cycle (Nishimura ct al., 2002). The eye, harderian gland and
ear are also abundant in melanocytes; however, unlike in the hair
follicles, no obvious spatially restricted niche of melanocyte stem cells
has been described in these organs (Boissy, 1999).

Numerous signaling systems and transcription factors regulate all
aspects of melanocyte development. These include the Wnt
signaling pathway (Ikeya et al., 1997; Dorsky et al., 2000); the G-
coupled endothelin B receptor (EDNRB) and its ligand, endothelin
3 (ET3; EDN3) (Baynash et al., 1994; Hosoda et al., 1994; Pavan
and Tilghman, 1994); the tyrosine kinase receptor KIT and its
ligand, KITL [also known as stem cell factor (SCF) or mast cell
growth factor (MGF)] (Geissler et al., 1988; Cable et al,, 1995,
Wehrle-Haller and Weston, 1995); the hepatocyte growth factor
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(HGF) and its ligand, c-MET (McGill et al., 2006; Kos et al., 1999);
and the transcription factors PAX3 (Watanabe et al., 1998; Potterf et
al., 2000), SOX10 (Pingault et al., 1998; Southard-Smith et al.,
1998; Potterf et al., 2000) and MITF, which is a basic helix-loop-
helix leucine-zipper protein (Hodgkinson et al., 1993; Opdecamp et
al., 1997; Nakayama et al., 1998; Lister et al., 1999). More recently,
it was reported that PTEN (Inoue-Narita et al., 2008; Sarin and
Artandi, 2007), Notch (Moriyama et al., 2006; Aubin-Houzelstein
et al., 2008; Osawa and Fisher, 2008), FGF2 (Weiner at al., 2007,
Barsh and Cotsarelis, 2007; Yonetani et al., 2008) and BCL2 (Mak
et al., 2006; Nishimura ct al., 2005; McGill et al., 2002) are also
involved in melanocyte development. Among the genes that encode
these factors, the extensively studied signaling ligand and receptor
pairs, Kitl-Kit and Et3-Ednrb, provide a particularly intriguing set,
as mutations in any one of them leads to a strikingly overlapping
phenotype. Thus, mice with such mutations are viable but show the
early loss of cells of the melanocyte lineage, which {eads to white
spotting phenotypes and, sometimes, to a predominately white coat
color (Baynash et al., 1994; Hosoda et al., 1994; Yoshida etal., 2001;
Botchkareva et al,, 2001).

Using cultures of embryonic stem (ES) cells for the induction of
melanocyte differentiation in vitro, we previously investigated the
requirement for EDNRB signaling throughout the entire process of
melanocyte development, in association with that for KIT signaling
(Aoki et al,, 2005). Kit homozygous knockout (Kir¥V1eZ/KjfW-tc2)
ES cells, which were completely defective for melanocyte
development, were significantly and dose dependently compensated
by the addition of ET3 in vitro, and forced expression of ET3 in the
skin reduced the white spot area of Kit™> /Kit™>7 mice in vivo (Aoki
et al., 2003). Although KIT and EDNRB signaling are individually
indispensable for the survival and maintenance of melanocyte
lincage cells, at least during a certain period of development
(Yoshida et al., 1996a; Shin et al., 1999), these two signals are
thought to influence each other.
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It is very typical of transgenic mice in which KITL expression in
the skin is induced by the cytokeratin 14 promoter that melanocyte
development in specific areas of the skin is extremely progressive,
and in such mice, the nose and foot-pad regions are filled with fully
pigmented melanocytes as early as the newborn stage (Kunisada et
al., 1998). The molecular basis for these observations is still not
clear, but it appears that the environment is not uniformly favorable
for melanocyte development even under the controlled expression
of a single influential factor. Instead, melanocyles may react
differentially to the signal in a spatially distinctive manner and
region-specific melanocyte cell types might exist.

In the present study, we compared the dependencies of non-
cutaneous and cutaneous (epidermal and dermal) melanocytes on
KIT, EDNRB, HGF and other signals, using various genetic and
cytological approaches. The results suggested that the non-
cutaneous and dermal melanocytes were not as sensitive to KIT
signaling as the epidermal melanocytes and instead depended more
on ET3 and HGF signaling than KIT signaling. As for the cataneous
melanocytes, experimentally induced dermal melanocytes behaved
more similarly to those of non-cutaneous tissues. In the light of these
findings, we propose the existence of two major melanocyte
populations: KIT-sensitive cutaneous melanocytes in the epidermis
and weakly KIT-sensitive non-cutaneous and dermal melanocytes.
Our classification, based on the growth requirements of the
melanocytes, might provide new insight into the characterization of
melanocytes in various animals and into the origins of human
melanocyte-related diseases.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Animal Research Committee
of the Graduate School of Medicine, Gifu University. ICR mice, C57BL/6
mice and /W mice were obtained from Japan SLC (Shizuoka, Japan). The
following transgenic mice were maintained in our animal facility: those
generated with the human cytokeratin 14 promoter (hkl4) driving
cytokine/growth factor cDNAs [hk14-ET3 (Yamazaki et al,, 2005); hk14-
KITL (Kunisada et al., [998); hk14-HGF (Kunisada et al., 2000)]; Kit
Val620Ala transgenic mice (Tosaki et al., 2006); W/W" and W/ mice
derived from W4+ and WA mice; DCT-lacZ transgenic mice (Mackenzie
et al., 1997); and C57BV/6 background CAG-EGFP mice (RIKEN, BRC).
CAG-CAT-EGFP mice (a gift from J. Miyazaki, Osaka University, Osaka,
Japan) (Kawamoto et al., 2000) were bred with Des™ 98¢ wice (a gift
from F Beermaun; Swiss Institute for Experimental Cancer Research,
Epalinges, Switzerland) to generate compound heterozygotes (Yonetani et
al., 2008; Osawa et al., 2003). Genotyping was performed as described
previously (Guyonuneau et al., 2004).

Mice were housed in standard animal rooms with food and water ad
libitum under controlled humidity and temperature (2242°C) conditions.
The room was illuminated by fluorescent lights that were on from 8:00 to
20:00 hours.

Cell preparation

Postnatal day (P) 0 or P3 mice were sacrificed by decapitation and ear
capsules, nose, eyes, harderian glands and skin were quickly dissected on
ice. The ear capsules were dissected into very small pieces. The nasal
vibrissae were collected from the opposite side of the epidermis (vibrissae
hair follicle) one by one, and dissected into very small fragments. The eyes
were separated into cornes, lens, and neural retina; each was dissected into
very small pieces (Aoki et al.; 2008a). The harderian glands were also
dissected into very small fragments. These small pieces of all these tissues
were treated for 30 minutes at 37°C or overnight at 4°C with 0.25% trypsin/
1 mM EDTA (Invitrogen, USA), 0.1% collagenase 1 (Sigma-Aldrich, USA)
and [ X dispase (Roche, Switzerland). The skin was treated with 0.25%
trypsin/[ mM EDTA for 30 minutes at 37°C or overnight at 4°C. Then, the
epidermis was peeled off the underlying dermis and each layer collected

separately and dissected into very small pieces. The cells of these small
pieces were dissociated by gentle pipetting, and the cell suspensions stratned
through 400-mesh nylon (Sansho, Japan).

Cell culture

Ten thousand cells prepared from each tissue as described above were
inoculated into 6-well plates previously seeded with ST2 cells or into
gelatin-coated plates and cultured in Alpha Minimum Essential Medium
(Invitrogen) supplemented with 10% fetal calf serum (FCS) (Equitech-Bio,
USA or Nichirei Bioscience, Japan). They were maintained under 5% CO;
at 37°C. Then, 40 pM basic fibroblast growth factor (bFGF; FGF2) (R&D
Systems, USA), 10 oM dexamethasone (Dex) (Sigma) and 10 pM cholera
toxin (CT) (Sigma) were added and remained present during the culture
period. The medium was changed every 3 days (Aoki et al., 2008b).

The specific inhibitors and corresponding concentrations used for cell
culture were: 10 pg/mit ACK2, which is a neutralizing antibody for KIT (see
final section of Materials and methods); 100 ng/ml BQ788, which inhibits
EDNRB (Peptides International, USA); 5 UM y-secretase inhibitor, which
is used as a Notch inhibitor; 25 M PD98059, a MEK kinase inhibitor; 5 pM
MET kinase inhibitor, used as an HGF inhibitor; 10 pM SU1498, a VEGFR
inhibitor; 10 pM SU5402, an FGFR inhibitor; 10 uM AG1433, an EGFR
inhibitor; and 5 pM SB203580, a p38 inhibitor (all from Merck, Germany).

Flow cytometric analysis and cell sorting

Cell suspensions of ear capsules, vibrissae, choroid, harderian glands,
epidermis and dermis prepared from PO DCT-lacZ mice or P3
DefmiCrgBeic AG-CAT-EGFP mice as described above were centrifuged
and resuspended in staining medium [SM, PBS containing 3% fetal calf
serum (FCS)]. The dissociated cells were then blocked with rat anti~mouse
Fe gamma receptor (2.4-G2, BD Bioscience) on ice for 30-40 minutes. After
another wash with SM, the cells were stained with phycoerythrin (PE)-
conjugated rat anti-mouse CD45 (PTPRC) (30-F11, BD Bioscience) on ice
for 30-40 minutes, washed, and incubated with allophycocyanin (APC)-
conjugated rat anti-mouse ¢-KIT (2B8, BD Bioscience) on ice for 30-40
minutes. The cells were washed and resuspended in SM containing 3 mg/ml
propidium iodide (PT) (Calbiochem, USA). All cell sorting and analyses
were performed with a FACS Aria dual-laser flow cytometer (BD
Bioscience). The sorted cells were directly inoculated into 6-well plates
previously seeded with ST2 stromal cells nsing the ACDU System (BD
Bioscience).

Histology

Mice were killed with an overdose of sodium pentobarbital (200 mg/kg).
The eyes were enucleated and fixed by immersion overnight in 10%
formalin in phosphate buffer (pH 7.2). The methods used for histological
analysis have been described in detail previously (Aoki et al., 2008c).
Briefly, eyes were dehydrated with ethanol, soaked in xylene and embedded
in paraffin. Horizontal serial sections were prepared at 3 piri and stained with
Hematoxylin and Eosin (HE).

lacZ staining

lacZ staining was performed as reported in detail previously (Yoshida et al,,
1996b). In brief, cells were fixed for 10 minutes in 2% paraformaldehyde
supplemented with 0.2% glutaraldehyde and 0.02% Tween 20. After three
washes in PBS, the cells were stained overnight at 37°C in 10 mM phosphate
butfer (pH 7.2) containing 1.0 mM MgCl,, 3.1 mM K,4{Fe(CN)e], 3.1 mM
Ks3[Fe{CN)¢] and 2 mg/ml X-Gal. The staining reaction was stopped by
washing in PBS. The specimens were post-fixed overnight in 10% formalin
in phosphate buffer (pH 7.2).

Production and microinjection of monocional antibody
The rat monoclonal antibody ACK2 against the c-KIT receptor protein,
which can block ¢-KIT function, and its class-matched control monoclonal
antibody were described previously (Nishikawa et al., 1991).

The ACK2 antibody was microinjected into each fetal amniotic cavity at
embryonic day (E) 11-12.5 as previously described (Yoshida et al., 1993).
In brief, 1 pl of antibody solution (0.2-40 mg/ml) was injected into cach
amniotic cavity of pregnant females with a glass micropipette of ~50-70 pm
diameter. The pipette was manually inserted anywhere in the




Two distinct types of melanocyte

RESEARCH ARTICLE 2513

i<k signal transduction level

C57BL/6

mouse

a. choroid

c. iris

d. cochlea

e. harderial gland

antimesometrial third of the embryo beneath the placenta: Some of the
fetuses that received a high concentration of ACK2 (e.g. over 15-20 mg/mi)
died as embryos or around birth. Some surviving littenates treated with this
procedure were maintained for more than 1.5 years to observe the long-term
effect of the antibody treatment on coat color spotting patterns, the stability
of the pattern with age and fettility, and to monitor for any behavioral
abnormalities.

RESULTS

Distribution of non-cutaneous melanocytes in Kit
coat color mutants

A mouse model of human piebaldism comprising the Val620Ala
mutation in the Kif gene shows various coat-pigmentation patterns
among the transgenic lines generated (KitV?**Tg—1 and KitV2%4Tg
~4) (Tosaki et al., 2006). Occasionally, phenotypes varied within the
same transgenic line. For example, in Kit¥6?%ATg -4, which is a
relatively less pigmented line, we sometimes found almost
completely white individuals (Fig. 1B). Spontaneous Kif mutants,

{upper one}

Fig. 1. Differential KIT signaling and melanocyte
distribution in Kit mutant transgenic mice.

(A-Ee) C57BL/6 (A}, Kit V620A (B), W/W¥ (C), Ww" (D)
and W/W (pink pup at top of £, with wild-type littermate
pup beneath it) mice, arranged from left to right
according to the decrease in the KIT signal level.
Melanocyte localization is shown in the uvea, including
the’ choroid (Aa-Ea), ciliary body (Ab-Eb)y and iris (Ac-Ec),
and in the cochlea {(Ad-Ed) and harderian gland (Ae-Ee).
For example, melanocytes exist not only i hair follidles,
but also in:the uvea including the choroid (Aa), ciliary
body (Ab} and iris (A¢), as well as inthe cochlea (Ad) and
harderian gland (Ae),.in C57BI/6 control mice. By
contrast, W/W (Dy and W/W (E) mice had no
melanocytes in their hair follicles or in. any of the regions
mentioned above. In WMWY (C) and Kit V620A (B) mice,
no melanocytes were found in the hair follicles, except in
the ears. Kit V620A mice often had pigmented ears (B),
and most of the non-cutaneous melanocytes in'their
eyes, such as those in the choroid (Ba); ciliary body (Bb),
and.iris (Bo); as well as melanocytes in the cochlea (Bd)
and harderian gland (Be), developed normally. In W/
mice, melanocytes were detected in the harderian gland.
Arrowheads indicate the melanocytes. Scale bars: 25 um,
exceptb0pum in'Aa-Ea.

WW

such as W/ and W'/, also had white spots, and homozygous /W,
WYY or W/W* mice showed a completely white coat color (Fig.
1C-E).

For these mice, which exhibit different KIT signal transduction
levels, we investigated the localization of melanocytes, especially
those in the non-cutaneous tissues such as the uvea (i.e. the choroid,
ciliary body and iris), the cochlea and the harderian gland. C57BL/6
and KitYo™ 2 T, WY/, W/W and W/W mutant mice are arranged
in Fig. 1 from left to right in'accordance with the expected KIT
signal transduction level, under which are shown histological
representations of melanocytes in their choroid, ciliary body, iris,
cochlea and harderian gland. Melanocytes were present in all these
tissues of C57BL/6 control mice (Fig. 1Aa-e), whereas no
melanocytes were found in the same tissues from W/W” or W/
mice (Fig. | Da-e Ea-e). In Kit"*"ATg mice, although they had no
melanocytes in their hair follicles, melanocytes were detected in the
ear capsules, and the melanocytes in their eyes (choroid, ciliary
body, iris and harderian gland), as well as those in the cochlea in the
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inner ear, were found to be distributed normally (Fig. 1Ba-¢). In
W/ mice, which also had no melanocytes in their hair follicles;
there were no melanocytes in their eyes (choroid, ciliary body and
iris) or in their cochiea (Fig. 1Ca-d); however, melanocytes were
distributed normally in their ear capsules and harderian gland (Fig.
1Ce). Based on these observations, we hypothesize that these non-
cutaneous melanocytes might be less dependent on KIT signaling
than the follicular melanocytes, although extensive loss of KIT
signals does lead to a complete lack: of these non-cutaneous
melanocytes.

Development of non-cutaneous melanocytes after
temporary inhibition of KIT signaling

To estimate the requirements for KIT signaling in the non-cutaneous
mealnocytes, we utilized a. neutralizing antibody for the KIT
receptor, ACK2, to temporarily inhibit the KIT signaling (Nishikawa
et al., 1991). C57BL/6 mice injected with ACK2 (0.2-40 ug) at
E11.5-12 lost melanocyte stem cells either partially or completely,
a loss that was proportional to the amount of ACK2 injected, as
judged by the area of the white spots (Fig. 2; see also Materials and
methods). The pigment patterns of these mice remained unchanged
throughtout their life (Fig. 2A-L). Among these, completely white

Fig. 2. KIT signal blockade with various doses of

ACK2 and effects on melanocyte development.

(A-L) Mice administered ACK2 on £12 were obseived at

P4, P10, P40 and P300 as labeled. {(M-V) Hematoxylin and

Eosin (HE) staining of choroid (M,R), cillia {N,S), iris (O,T),

cochlea (PU) and harderian gland {Q,V). Arrowheads
- indicate the melanocytes. Administration of the KIT
antagonistic antibody ACK2 (20g) into £12 C57BL/6
mouse fetuses eliminated whole melanocyte populations
including non-cutaneous melanocytes (J-L,R-V): A reduced
armount of ACK2 (0.5-10ug) allowed the differentiation of
non-cutaneous melanocytes, whereas differentiation of
epidermal skin melanocytes was mostly blocked (G-,M-Q).
A control mouse, which was administered with very little
ACK2 (D-F), often had a small white spot only on its belly
(B,C). Scale bars: 25 um, except 50pm in M,R.

mice injected with more than 15 pig of ACK2 had no melanocytes
inctheir ear capsule (Fig. 2J-L); inner ear (Fig. 2U), choroid (Fig.
2R), ciliary body (Fig. 28), iris (Fig: 2T) or harderian gland (Fig.
2V), whereas the partially pigmented mice injected with 0.5-10 g
of ACK2 had melanocytes in theses areas (Fig. 2G-IM-Q,
arrowheads), in almost the abundance seen in the control C57BL/6
mice (Fig. 1A): These data further support the notion that non-
cutaneous  melanocytes are -less dependent than epidermal
melanocytes on KIT signaling during development.

Differential reaction of non-cutaneous
melanocytes to ET3 and HGF signaling

Our previous study using transgenic mice generated with Kitl; Et3
or-Hgf ¢DNAs driven by the human cytokeratin .14 (KRTI4)
promoter (denoted hk14) indicated that the expression of KITL in
the skin induced epidermal skin melanocytosis (Fig. 3C,G,K) and
that.. the expression of ET3 or HGF induced dermal skin
melanocytosis (Kunisada et al.,, 1998; Yamazaki et al., 2005;
Kunisada et al., 2000) (Fig. 3A,B.E F,L1). Therefore, we determined
the effect of the overexpression of these factors on the non-
cutaneous melanocytes in the harderian glands of these transgenic
mice.
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Overall, the melanocytes in the harderian glands were increased
in number in these transgenic mice (Fig. 4). In hk14-ET?3 mice, the
number of melanocytes in the harderian gland was increased (Fig.
4A E.T), and a significant increase was also observed in hk14-HGF
mice (Fig. 4B,F,J), whereas only a slight increase was observed in
hk14-KITL mice (Fig. 4C,G,K,Q). In vitro colony formation from
the dissociated cells from the dissected harderian gland tissues also
revealed that the number of colonies formed was dramatically
increased in hk14-ET3 and hk14-HGF mice (Fig. 4M;N), with only
a slight increase in hk14-KITL mice (Fig. 40,R); as compared with
the control (Fig. 4P).

In the ocular tissues, the cornea is usually clear, and we observed
no melanocytes in the control C57BL6 mice (#n=20/20). However,
in hk14-ET3 mice we found that dendritic melanocytes had migrated
into the comea (n=20/20; Fig. 5A,D,G,J). Also, pigmented
melanocytes, which were not dendritic in shape, were detected in
hk [4-HGF mice (n=18/20; Fig. 5B,E,H,K). In hk14-KITL mice, we
never observed melanocytes in the cornea (n=20/20; Fig. SC,FLL).
These observations indicate that transgenically supplied KITL is less
effective for the development of non-cutaneous melanocytes of the
ocular tissues or harderian gland than ET3 or HGF supplied in the
same manner.

Reduced expression of KIT in the non-cutaneous
melanocyte precursors and their reduced

response to KIT signaling compared with the
cutaneous melanocyte precursors

To investigate the molecular basis of the relative ineffectiveness of
KITL in the development of non-cutaneous melanocytes, we
analyzed KIT expression in the cutancous and non-cutaneous
melanocytes. We previously reported that KIT*/CD45 cells in the

Fig. 3. Melanocyte localization in cutaneous tissue in hk14-
HGF, hk14-ET3 and hk14-KITL transgenic mice. (A-D)hk14-ET3
(A), hk14-HGF (B} and hk14-KITL (C) transgenic mice and C578l/6
wild-type control (D). (E-L) Skin sections from hk14-ET3 (E,}), hk14-
HGF (£.)) and hk14-KITL (G K) transgenic mice; and from C57Bl/6
wild-type control {(H,L}. (-1} High-magnification views (of different
sections from those shown in E-H). Arrowheads indicate
pigmented melanocytes sustained in the dermis (E,F1,J) and
epidermis {G,K) of adult mouse skin. Scale bars: 50 um:

neonatal skin comprised the developing melanoblast population
(Kunisada et al., 1996; Motohashi et al., 2007). In the cutaneous
tissues, such as the epidermis, dermis, ear capsule and vibrissa,
KIT*/CD45™ populations were clearly detected by flow cytometry
(Fig. 6A-E). However, fewer KIT/CD45™ cells were observed in
non-cutaneous tissues, such as the uvea in the eye and harderian
gland, and the average fluorescence intensity, which indicates the
amount of KIT expressed on the cell surface, was clearly reduced in
these tissues (Fig. 6F,G). This finding suggests that the lower
expression of KIT in the melanocytes of these non-cutaneous tissues
is responsible for their lower dependence on KIT signaling.

To further test the differentiation of non-cutaneous melanocytes
with respect to KIT expression, we purified 1000 KIT'/CD45" cells
from PO DCT-lacZ mice (Mackenzie et al., 1997) and cultwred them
on ST2 cells (Yamane et al., 1999). After 14 days, pigmented
melanocytes and DCT-lacZ-positive melanoblasts were detected
among the KIT'/CD45™ precursors isolated from cutaneous tissues
such as the epidermis, dermis, vibrissa and ear capsule, whereas only
a few pigmented melanocytes and DCT-lacZ-positive melanoblasts
were generated from non-cutaneous tissues such as the uvea and
harderian. gland (Fig. 7A,B). Most of the colonies generated
contained lacZ-positive cells, thus confirming the melanocyte cell
lineage (Fig. 7B). Thus, very few melanocyte precursors were
present in KIT' populations in the non-cutaneous tissues.

As we observed a number of non-pigmented but lacZ-positive
melanoblasts in the neonatal harderian gland of DCT-lacZ mice (see
Fig. S1A in the supplementary material), we dissected small pieces
of harderian gland from PO mice and cultured them without stromal
cells. Successive observations every other day revealed an increase
in the number of pigmented melanocytes by this culture method (see
Fig. SIB in the supplementary material). Observation every 12
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Fig. 4. Effect of exogenous ET3, HGF and KITL expression on
melanocyte development in the harderian gland. (A-P} hk14-ET3
(AE LM, hk14-HGF (B,FJ,N) and hk14-KITL {C,G,K,O) transgenic mice
and C57B1/6 as wild-type contral (D H,L,P). (A-D) Transgenic and control
mice. (E-H) Oil Red O staining of harderian gland of each mouse line at
P2. (L) HE staining of harderian gland at P19. Blue arrows indicate
melanocytes. (M-P) Fourteen-day cultures of PO harderian gland on
gelatin-coated dishes. (Q) Number of melanocytes per microscope field
of the harderian gland sections. The data are averages from three
different mice. *, P<0.05; **, P<0.001; ***, P<0.00005. (R)Number of
colonies constituting more than 20 melanocytes from harderian glands.
The data are averages from three different mice. *, P<0.05;

** P<0.0005. Scale bars in I-L: 50 pum.

hours revealed that black pigmented melanocytes present at the start
of the culture did not divide actively (see Fig. S2A in the
supplementary material). Pigmented cells marked in 36-hour
cultures only divided once or twice in 264 hours (see Fig. S2B,C in
the supplementary material). Thus, it is likely that the highly
proliferative melanocyte lineage cells were not mature melanocytes
and that the harderian gland or eye contained: unpigmented
melanoblasts. To further investigate the identity of these non-
cutaneous melanoblasts, we tested whether the DCT-positive
melanocyte lineage cells that were negative for the KIT receptor
were really present as melanocyte precursors. For this purpose,
transgenic mice were generated by crossing Der-Cre knock-in mice
[DefniCreBee) (Guyonneau et al., 2004) with CAG-CAT-EGFP
reporter mice (Kawamoto et al., 2000) that express green fluorescent
protein (GFP) under the control of a strong ubiquitous promoter
(CAG) after Cre-mediated removal of a floxed chloramphenicol
acetyl transferase (CAT) gene cassette 50 as to specifically label

4
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=

Fig. 5. Melanocytes in the cornea and the effect of exogenous
expression of ET3, HGF and KITL. (A,D,G,J) hk14-ET3 transgenic
maouse shiowing invasion of melariocytes into the cornea (arrows).
(B,E,H,K) hk14-HGF transgenic mouse with the evidence of invasion of
melanocyte-like, but not dendritic, pigmented cells into the cornea
(arrowheads). (C,F,1,L) hk14-KITL transgenic mouse, showing no
invasion of melanocytes into the cornea. Each transgenic mouse (A-C),
its eye {D-F), cornea (G-1) and HE-stained corneal section (J-L) are
shown. Scale bars: 50 pum.

melanoblasts. - with:: GFP...Melanocyte  lineage-specific. GFP
expression was confirmed in the transgenic mice, as described
previously (Osawa et al., 2005). From these mice, we sorted 1000
GFP” cells from the CD45/KIT™ gated population by FACS (Fig.
7C,D) and cultured them on ST2 monolayers for 14 days. From both
harderian gland and ocular tissues, pigmented melanocytes were
induced from the GFP* population; however, no melanocyte colony
was detected from GFP™ cells in the CD457/KIT™ population (Fig.
7E). Thus, precursors for the non-cutaneous melanocytes were
mostly present as GFP" cells in the CD45/KIT™ melanoblast
population.

Factors responsible for the development of non-
cutaneous melanocytes
To address the additional molecular signal(s) required for the growth
and/or differentiation of melanocytes in non-cutaneous tissues, we
tested the effect of signal inhibitors in vitro. First, we confirmed the
effect of ET3 by using its receptor (EDNRB) antagonist, BQ788.
When non-cutancous melanocytes (i.e. those in harderian gland and
eye) were cultured and treated with BQ788 or the ACK2 antibody,
the growth and/or differentiation of the melanocytes was blocked
etfectively by BQ788 but not by ACK2 (Fig. 8A). Cutaneous
melanocytes (i.e. epidermis) treated with the same concentration of
these inhibitors totally disappeared (Fig. 8B). The numbers of
melanocytes. detived from the harderian gland and uvea were
partially reduced by ACK2 treatment, but were stably maintained
over a 1-50 pg/ml concentration range (Fig. 8C,D); by contrast, the
number of melanocytes derived from the epidermis was sharply
reduced at higher ACK2 concentrations (Fig. 8E).. These results are
consistent with those shown:in Fig. 2, which indicated that non-
cutaneous melanocytes can survive when treated with an amount of
ACK?2 that is effective in blocking the cutaneous melanocytes.

To investigate whether there are factors crucial for the growth and
differentiation of non-cutaneous melanocytes in addition to KITL
and ET3, we added various inhibitors to melanocyte cultures
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Fig. 6. Flow cytometric analysis and cell sorting of KIT*/CD45"
cells from cutaneous and non-cutaneous tissues. (A-G) By use of
KIFAPC and CD45-PE, the percentage of KIT*/CD45" cells
{melanoblasts) was analyzed in the epidermis (B), dermis (C), ear
capsule (D), vibrissa (E), uvea (F) and harderian gland (G); A shows a
negative control.. The percentage of KIT*/CD45™ cells is shown in the
top-left quadrant of each panel.

prepared from PO DCT-lacZ mice. When melanocytes from the
harderian gland were cultured and exposed to an effective amount
of PDY9805Y, which is a MEK kinase inhibitor, or to a MET kinase
inhibitor that inhibits HGF signaling, their growth and/or
differentiation was severely inhibited (Fig. 9). PD98059 was
effective toward all melanocyte populations tested (Fig. 9).
However, the MET kinase inhibitor was more suppressive toward
melanocytes from non-cutaneous tissues (Fig. 9EF) than toward
those from cutaneous tissues (Fig. 9A-D), indicating a role for HGF
in the development of non-cutaneous melanocytes. Other inhibitors
tested, including y-secretase inhibitor, VEGFR (KDR) inhibitor
(SU1498), FGFR inhibitor {SU5402), EGFR inhibitor (AG1433),
p38 (MAPK14) inhibitor (SB203580) and Rho/Rock inhibitor
(Y27632), did not show a statistically significant inhibitory effect
on the melanocyte populations tested (see Fig. S3 in the
supplementary material).

Further evidence for distinct epidermal and
dermal melanocyte cell types

In the melanocytosis model hk14-ET3 and hk14-HGF transgenic
mice, the melanocytes were maintained mostly in the dermis,
whereas those in hk14-KITL transgenic mice were restricted to
the epidermis, even in the aged individuals (Fig. 3E-L).
Interestingly, when hk14-ET3 or hk14-HGF mice were crossed
with hk14-KITL mice, the melanocytes of the double-transgenic
mice were distributed {o both dermis and epidermis, as a simple
superimposition of both phenotypes (Fig. 10A,B). It could be that
if dermal and epidermal melanocytes and their precursors
maintained in the skin were mutually: compatible, i.e. dermal
melanocyte precursors could be recruited to become epidermal
melanocytes by the exogenous ET3, an imbalance of dermal and
epidermal melanocyte distribution might occur. Thus, the
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Fig. 7. In vitro differentiation of KiT*/CD45~ melanoblasts.

(A) Number of DCT-lacZ-positive colonies generated after 14 days in
cultures started from 1000 KIT*/CD45 or KIT/CD45™ cells sorted from
the indicated tissues of PO mice. (B} Dishes representative of the data
shown in A, One thousand KITH/CD45 (a-f) or KIT7/CD45™ (g-l) cells
purified by cell sorting were inoculated onto a monolayer of ST2
stromal cells. KITHCD45™ cells, but not KIT/CD45™ cells, included
melanoblasts in the dermis (a,q}, ear capsule {b,h), epidermis (d,j) and
vibrissae {e,k), but not in non-cutaneous tissue [harderian gland (i),
uvea (f,1)]. The uvea and harderian gland contained fewer than one cell
per thousand that generated DCT-lacZ-positive colonies in vitro.

(C,D) Flow cytometric analysis of GFP* cells among the KIT/CD45™ cells
in the harderian gland (C) and uvea (D). The percentage of GFP* cells in
the KIT/CD45™ fractions in each panel is shown, (E) Number of
melanocyte colonies derived from 1000 sorted cells from the GFP* or
GFP~ populations indicated in C and D.

phenotype of the double-transgenic mice suggests the fairly
discriminate and independent maintenance of these two
melanocyte populations.

When a hk14-ET3 or hk14-HGF mouse was crossed with a
KitV62%4Tg piebaldism model mouse, the coat color pattern of
the- double-transgenic . hk14-ET3/+KitY%%%/+ Tg or hkl4-
HGF/+KitVo®*/+ Tg mice was indistinguishable from that of
KitV620A /4 Tg or KitVO20M/KitV920A Tg mice (Fig. 11D,1). However,
the skin of the double-transgenic mice was heavily pigmented, even
in the area covered with white hair (Fig. 11E,J). The characteristic,
heavily pigmented skin pattern of hk14-ET3 and hk14-HGF mice,
and the characteristic white spot of the central head region and coat
color of KitV¥2%ATg mice, did not change during the postnatal stage
(Fig. 11A-D,F-I) (Tosaki et al., 2006). Histological analysis revealed
that the dermal skin of hk14-ET3/4;KitV®2%/+ Tg or hki4-
HGFAKitY204/4 Tg mice was pigmented (Fig. 11K,L), whereas
the epidermis was not. By contrast, hk14-KITL/+;KitV6?%4/+ Tg
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Fig. 8. Culture of PO melanocytes with ACK2 or BQ788. (A,B) The
number of melanocytes after 14 days of culturing 100,000 cells from
epidermis (B) and harderian gland and uvea (A) seeded on gelatin-
coated dishes and treated with effective amounts of ACK2 or BQ788.
(C-E) ACK2 dose independency of non-cutaneous melanocytes (C,
harderian gland; D, uvea) compared with the dose dependency for
cutaneous melanocytes (€, epidermis). *, P<0.05; **, P<0.01;

**x Pc(.001.

mice with similar white spots showed pigmented skin under the
black hair and totally unpigmented skin under the white hair (Fig.
11M-Q). These results indicate that the ectopic localization of
melanocytes in the dermis is induced and maintained by the
expression of ET3 or HGF in the skin and that these dermal
melanocytes do not contribute to hair pigmentation. These
observations allow us to conclude that cutaneous melanocytes can
be classified into two types, one being epidermal melanocytes,
which are highly dependent on KIT, and the other being dermal
melanocytes, which are more responsive to ET3 and HGF. As
judged by their response to these factors, dermal melanocytes share
the characteristics of non-cutancous melanocytes found in the
harderian glands and uvea of the eye.

DISCUSSION

Melanocytes are generally classified into cutaneous and non-
cutaneous (exira-cutancous} types. Cutaneous melanocytes are
pathophysiologically distinguished as epidermal and dermal
melanocytes. In this report;: we described non-cutancous
melanocytes that developed in the eye, ear and harderian gland that
were highly dependent on ET3 and HGF signaling and less
dependent (although not totally independent) on KIT signaling, and,
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Fig. 9. Effect of inhibitors on melanocytes of various sources. Ten
thousand cells from the epidermis (A), dermis (B), ear capsule (C),
vibrissa (D), uvea (E), and harderian gland (F), were seeded onto
monolayers of ST2 cells, and PD38059, MET kinase inhibitor (Metk),
DMSO (as a vehicle control) or nothing (Not added) was added. After
14 days, the number of DCT-lacZ-positive colonies was counted. The
average of three independent experiments is shown. *, P<0.05;

** P<0.01; ***, P<0.001.

by contrast, epidermal melanocytes that were more dependent on
KIT signaling. Cutaneous melanocytes in the dermis were revealed
to be more selectively responsive to ET3 and HGF, like non-
cutaneous melanocytes, and could be distinguished from epidermal
melanocytes by not contributing to hair pigmentation.

In the context of the structure of skin tissue, the epidermis and
dermis are composed of completely different cell populations, and
therefore the cells distributed to these two regions are supposedly
different in their molecular:components,. such--as adhesion
molecules, and in their growth signal dependency. Skin dendritic
cells are classified into epidermal Langerhans cells and dermal
dendritic cells based on differences in their cell surface marker
expression patterns, gene expression profiles, growth signal
requirements and immunological functions (Steinman et al., 1997).
In the case of melanocytes, the expression of transgenes such as E13
or Hgf (Fig. 3) could have induced a permanent maintenance of
dermal melanocytes that normally disappear after birth, indicating
the specitic growth requirements of dermal melanocytes. In other
words, if dermal and epidermal melanocytes are of an identical cell
lineage and are arbitrarily distributed among the skin tissues, then
melanocyte distribution in the Kitl transgenic skin should have been
similar to that in the F¢3 and Hgf transgenic mice.
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Fig. 10. Skin phenotypes of hk14-ET3/+;hk14-KITL/+ and hk14-
HGF/+;hk14-KITL/+ double-transgenic mice. Skin samples from

hk 14-ET3/+:hk 14-KITLA4+ (A) and hk14-HGF/+;hk14-KITL/+ (B) double-
transgenic mice were sectioned and stained with HE. Both of these
double transgenic mice contain dermal and epidermal melanocytes
Scale bars: 50 um.

Dark skin (DSK) mutant mice also suppott our notion of distinct
types of melanocyte because these mice are classified into dermal
and epidermal DSK types (Fitch et al., 2003; Van Raamsdonk et al.,
2604). Importantly, no DSK mutant mice are known to contain
melanocytes in both their epidermis and dermis, indicating factor-
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specific localization of skin melanocytes. In accordance with our
results, Dsk3 and Dsk4 (Rps19 and Rps20) mutants would contain
epidermal melanocytes generated by the augmented expression of
skin KITL (McGowan et al., 2008). Recent identification of the
uveal melanoma and blue naevi-specific mutation of the human
counterpart of DSK1 (GNAQ), the heterotrimeric G-protein o-
subunit, as opposed to the BRAF and NRAS mutations exclusively
found in neoplasms originating from epidermal melanocytes (Van
Raamsdonk et al., 2009), also indicate the distinct nature of non-
cutaneous and epidermal melanocytes. Still, as suggested by Van
Raamsdonk et al. (Van Raamsdonk et al., 2004), increased ET3 or
HGF signaling might cause excessive proliferation of the early
melanoblasts, followed by their restricted entry into the epidermis
across the basal layer. In this scenario, melanocytes left behind in
the dermis may develop into the dermal cell type in response to
dermal-specific environmental cues.

The precise origins of the non-cutaneous and dermal melanocytes,
as well as of epidermal melanocytes, are still open to further
investigation. Epidermal melanocytes, including those of hair
follicles, are maintained in a KITL-rich environment, whereas
dermal melanocytes are supposed to be selectively maintained by

Fig. 11. Mice with pigmented dermis and
white hair, (A-E) Mice with black pigmented
dermis and white hair derived from a cross
between hk14-ET3/+ and Kit V620A Tgd/+
mice {left pup in A,B,D,E and right pup in C).
Photographs were taken at P2, P6 and P28
as labeled. Kit V620A Tgd/+ mice are shown
alongside the double-transgenic mice.

(F-1) Mice with black pigmented dermis and
white hair derived from a cross between
hk14-HGF/+ and Kit V620A Tgd/+ mice (left
pup in FG1,J and right pup in H).
Photographs were taken at P3, P6 and P21
as labeled. Kit V620A Tg4/+ mice are shown
alongside the double-transgenic mice.

(K-M) HE-stained skin samples from hk14-
ET3/+;Kit V620A Tgd/+ (K) and hk14-
HGF/+,Kit Tgd/+ (L) mice dlearly show the
absence of pigment granules in hair follicles
but the presence of melanocytes in dermis,
whereas hk14-KITL/+;Kit V620A Tgd/+ (M)
samples show the absenice of both pigment
granules in hair follicles and melanocytes in
dermis under the white hair. (N,O) Mice with
black pigmented epidermis and black hair
derived from a cross between hk14-KiTt/+
and Kit V620A Tgd/+ mice. Photographs
were taken at P3 and P11 as labeled. Scale
bars: 50 pm.
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ET3 or HGF expression. Since the number of epidermal
melanocytes and their distribution pattern were not affected by ET3
or HGF expression (Kunisada et al., 1998; Kunisada et al., 2000)
(H.A. and T.K., unpublished), common precursors for these two
melanocyte populations would probably have separated from each
other at a considerably early developmental stage. If not, common
precursors would have been exhaustively used for the dermal
melanocyte population. In addition, hk14-ET3/+KitVo***/+ Tg mice
are white in coat color and have dark pigmented dermal skin
underneath, suggesting that dermal- and epidermal-restricted niches
are required for each melanocyte population. This lifetime-stable
localization further supports the distinct nature of these two
populations. Recently, Notch signaling was reported to be
selectively employed for the maintenance of epidermal
melanocytes: in Notchl and/or Notch2 conditional knockout mice,
the ear and choroid layer were pigmented normally, in contrast to the
gradual loss of coat color pigmentation (Schouwey et al., 2007).
This finding also highlights the discrimination of epidermal
melanocytes from dermal or non-cutaneous melanocytes.

In relation to skin diseases caused by aberrant melanocyte
development, the characteristics of the melanocytes should be
considered. In the case of dermal melanocytosis, a broad group of
congenital and acquired melanocytic lesions (Zembowicz and
Mihm, 2004), ET or HGF are more likely to be mnvolved in the
pathogenesis of this disease than is KIT signaling. However, it
should also be emphasized that both melanocyte cell types are
derived from common neural crest-derived préecursors, as W/W
mutation or extensive blockade of KIT: signaling during
embryogenesis completely eliminates the melanocytes from the
whole body. In fact, we occasionally found /W imice with white
ear capsules accompanied by totally unpigmented harderian glands,
in contrast to the majority of the W/W' individuals with
pigmentation in both their ear capsules and harderian glands (as
shown in Fig. 1C). This finding might indicate & decisive effect of a
small fluctuation in the KIT signal among W*/W" individuals, i.c.
reflecting an exacting threshold of KIT signal intensity for the
survival of developing melanocytes; at least in their common
precursors. At the same time, we demonstrated  the strict
discrimination of non-cutaneous and dermal melanocytes from
epidermal melanocytes based on their reactions to variously
manipulated external ligands, including KITL, ET3 and HGF. These
findings might help towards a clearer understanding of the
pathogenesis of melanocyte-related diseases, including melanomas.
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