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Bloody Nipple Discharge in an Infant

loody nipple discharge (BND) is occasionally ob-

served in women with mammary disorders such

as mastitis, intraductal papilloma, or breast car-
cinoma. However, this phenomenon is rarely seen in in-
fants and children; BND in infants has seldom been re-
ported in the dermatologic literature.

Report of a Case. A 4-month-old girl was referred to our
clinic with a 1-week history of unilateral BND. Her mother
reported a spontaneous and intermittent BND from the
infant’s left breast and denied breast manipulation or

dilatation of the subareolar mammary ducts (arrows).

trauma. The infant was healthy except for BND and had
no history of taking medication. The mother had no his-
tory of drug ingestion during either pregnancy or
breastfeeding.

Physical examination of the chest and nipples showed
no remarkable findings such as erythema, heat, tender-
ness, palpable mass, or enlargement of tissue. Pressure
on the areolar area resulted in a bloody discharge from
the left nipple (Figure, A). Ultrasonography of the left
breast demonstrated dilatation of the retroareolar mam-
mary ducts (Figure, B). The results of a blood cell count
and coagulation tests were within the normal range. Cul-
ture of the bloody discharge revealed no bacterial growth.
Cytologic examination of the secretion showed abun-
dant erythrocytes but no other atypical cells. Based on
these findings, bacterial infection and breast carcinoma
were ruled out as a cause of the BND, and we decided to
observe her without any treatment.

Comment. Bloody nipple discharge in infants, first de-
scribed by Berkowitz and Inkelis,! occurs unilaterally or
bilaterally in both sexes. Most patients older than 1 year
show a palpable mass or breast enlargement, whereas in-
fantile patients sometimes present with a normal appear-
ance.” In laboratory examinations, coagulation test re-
sults and serum hormone levels are usually found to be
normal, and culture of the discharge is usually negative.

Figure. Bloody nipple discharge. A, Clinical appearance of bioody nipple discharge from the left breast. B, Ultrasonographic image of the left breast showing
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Histopathologically, mammary duct ectasia, a be-
nign lesion characterized by dilated ducts surrounded
by fibrosis and inflammation, has been proven in more
than half of childhood BND cases with palpable masses
treated surgically.? Mammary duct ectasia has also been
detected by ultrasonography even in infantile cases
with nonpalpable masses.** Underlying breast carci-
noma should definitely be ruled out when we see pa-
tients with BND, but to our knowledge, it has never
been reported in infants.*® From these data, mammary
duct ectasia is the most likely cause of BND in infants
and children, although the specific cause of duct ectasia
remains unclear.

To our knowledge, all but 1 of the reported BND cases
in infants has achieved spontaneous resolution within 9
months.*> The 1 case that did not resolve spontane-
ously was treated surgically. These facts suggest that BND
in infants is a benign and self-limiting condition. There-
fore, invasive intervention, including biopsy, should be
avoided, especially in girls, because even minimal op-
erative injury to the breast bud may produce severe tis-
sue damage resulting in functional disability and persis-
tent disfigurement.*” Noninvasive investigations such as
culture of the discharge and ultrasonographic evalua-
tion are recommended as well as a careful physical ex-
amination and close clinical follow-up. Only if ultraso-
nography reveals a mass or abnormality other than
mammary duct ectasia, or if the discharge persists for more
than 9 months, should further investigations, including
invasive interventions, be considered.’
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Acute Generalized Exanthematous
Pustulosis Caused by Rifabutin

cute generalized exanthematous pustulosis
(AGEP), first named by Beylot et al' in 1980, is
a clinical reaction pattern that is principally drug
induced.?” Its incidence is probably underestimated be-
cause many cases are either unrecognized or confused

with pustular psoriasis.’ We report herein a case of AGEP
caused by rifabutin, an antituberculous agent.

Report of a Case. A 58-year-old man with hyperten-
sion, coronary artery disease, and schizophrenia was ad-
mitted to our hospital for cervical nontuberculous my-
cobacterial lymphadenitis. He had a history of drug allergy
to trimethoprim-sulfamethoxazole presenting as a gen-
eralized nonpustular exanthematous eruption. After 10
days of treatment with rifabutin, he developed a fever with
temperatures up to 38°C accompanied by numerous non-
follicular sterile pustules on widespread edematous ery-
thema over the trunk and all extremities without mu-
cous membrane involvement (Figure 1).

Laboratory examinations revealed leukocytosis with
left shift and mild eosinophilia. (The white blood cell
count was 11200/uL; neutrophil-bands, 12%; eosinophil-
bands, 7%; to convert white blood cells to 10%/L, multi-
ply by 0.001.) Histopathologic evaluation showed spon-

- giform subcorneal pustules with a predominance of

neutrophils and eosinophils and papillary dermal edema
with perivascular inflammatory cell infiltrate (Figure 2).

Rifabutin treatment was discontinued, and intrave-
nous hydrocortisone, 100 mg, was administered every 6
hours. The pustules resolved rapidly with generalized des-
quamation and have not recurred. Acute generalized ex-
anthematous pustulosis was confirmed by validation score
of the EuroSCAR study group.

Comment. More than 90% of AGEP cases are drug in-
duced, mainly by antibiotics, especially 8-lactams and
macrolides.”? Our patient had no personal or family his-

Figure 1. Numerous nonfollicular pinhead sterile pustules on edematous and
erythematous plaques over trunk and all extremities.

Figure 2. Spongiform subcorneal pustule with mixed neutrophils and
eosinophils and a focal necrosis of keratinocytes in the epidermis
(hematoxylin-eosin, original magnification x100).
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Glycosylation Specific for Adhesion Molecules
in Epidermis and Its Receptor Revealed by
Glycoform-focused Reverse Genomics*s

Rie Uematsut, Yasuro Shinoharat§, Hiroaki Nakagawazt, Masaki Kurogochit,
Jun-ichi Furukawat, Yoshiaki Miurat, Masashi Akiyama], Hiroshi Shimizuf],

and Shin-Ichiro Nishimuraz|

Glycosylation of proteins greatly affects their structure
and function, but traditional genomics and transcriptom-
ics are not able to precisely capture tissue- or species-
specific glycosylation patterns. We describe here a novel
approach to link different “omics” data based on exhaus-
tive quantitative glycomics of murine dermis and epider-
mis. We first examined the dermal and epidermal N-gly-
come of mouse by a recently established glycoblotting
technique. We found that the Gala1-3Gal epitope was
solely expressed in epidermis tissue and was preferen-
tially attached to adhesion molecules in a glycosylation
site-specific manner. Clarified glycomic and protemic in-
formation combined with publicly available microarray
data sets allowed us to identify galectin-3 as a receptor of
Gala1-3Gal epitope. These findings provide mechanistic
insight into the causal connection between the genotype
and the phenotype seen in a3GalT-1-deficient mice and
transgenic mice expressing endo-g-galactosidase C. Be-
cause humans do not possess the Gala1-3Gal structure
on their tissues, we further examined the human dermal
and epidermal N-glycome. Comparative glycomics re-
vealed that the GalNAcB1-4GIcNAc (N,N’-diacetyllac-
tosediamine) epitope, instead of the Gala1-3Gal epitope,
was highly expressed in human epidermis. Molecular &
Cellular Proteomics 8:232-244, 20089.

Posttranslational protein glycosylation changes the biolog-
ical and physical properties of glycoconjugates, which include
functions as signals or ligands to control their distribution,
antigenicity, metabolic fate, stability, and solubility (1). Cells in
the epidermis, which forms a major part of the epithelial
barrier, undergo desquamation and are continuously being
renewed (2), a process that requires changes in adhesion.
Because glycoproteins are often involved in adhesion be-
tween cells and their extracellular matrices, the glycopro-
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teome of the epidermis may therefore provide new insight into
the functional roles of protein glycosylation. Mammalian epi-
dermal glycoconjugates have mostly been studied histo-
chemically using lectins (3) or monoclonal antibodies (4). Al-
though these studies revealed that the cell surfaces of
keratinocytes in the epidermis contain numerous glycoconju-
gates, these approaches cannot provide detailed structural
information about the oligosaccharides or their carrier
proteins.

We previously clarified the quantitative glycomic profile of
murine dermis and epidermis using novel aminooxy-based
isotope tags and MALDI-TOF MS analysis (5), which revealed
distinct features of the N-glycosylation profile of dermis and
epidermis. We found that murine epidermal glycoproteins
have a high abundance of high mannose-type oligosaccha-
rides, and the striking roles of lysosomal enzymes in epider-
mis during lipid remodeling and desquamation were further
discussed. This study was the first to demonstrate the use-
fulness of quantitative gross N-glycan profiling for performing
systematic glycoform-focused proteomics. To advance and
accelerate this approach, we recently established a novel
technology platform for large scale quantitative glycomics
based on the glycoblotting technique (6-8). In this method,
glycans derived from biological samples are selectively cap-
tured onto novel high density hydrazide beads (BlotGlyco H)
for highly efficient purification of oligosaccharides from com-
plex biological samples. The captured oligosaccharides are
subjected to on-bead methyl esterification to stabilize sialic
acid(s) for the simultaneous quantitation of neutral and sialy-
lated oligosaccharides by MALDI-TOF MS and are finally re-
covered as arbitrary derivatives by imine exchange chemistry.

In the current study, we first used this newly established
glycoblotting technigue to re-examine both the neutral and
sialylated N-glycome of murine dermis and epidermis. We
detected 75 oligosaccharides, more than twice the amount
detected previously when sialic acids were removed, thus
enabling us to perform a more detailed comparison of tissue-
specific N-glycosylation profiles. We found that the expres-
sion of oligosaccharides containing the Gale1-3Gal epitope
was only detected in epidermis, although many non-reducing
terminal epitopes tend to vanish in epidermis. Tracing from
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the glycome back to the proteome and transcriptome allowed
us to identify a group of proteins that carry Gala1-3Gal
epitope and a receptor that can recognize Gala1-3Gal
epitope. The glycans identified in mice epidermis could ac-
count for the phenotypes observed in transgenic mice ex-
pressing endo-B-galactosidase C. Finally human epidermal
glycomics was evaluated aiming to address the question of
whether any alternative glycan structures play a role similar to
that of the Gala1-3Gal epitope in murine epidermis.

EXPERIMENTAL PROCEDURES

Skin Samples and Tissue Preparation—Male hairless mice (Hos/
HR-1) were obtained from Sankyo Labo Service (Tokyo, Japan). They
were fed a standard mouse diet and water ad libitum. Full thickness
skin samples were taken from the dorsal area of 7-12-week-old
animals. Animal experiments were performed according to the re-
spective regulatory standards of Hokkaido University. Normal human
skin samples were obtained from patients during resection opera-
tions. The medical ethics committee at Hokkaido University approved
all of the described studies, and all of the participants gave their
written informed consent. After removal of excess subcutaneous fat
from the skin samples, the epidermis was peeled from the dermis by
heat separation at 60 °C for 30 s. The epidermis and dermis were
minced and heated at 90 °C for 10 min in 10 mm ammonium bicar-
bonate, then defatted as described by Bligh and Dyer (9), and
lyophilized.

N-Glycan Release—N-Glycans were released from tissues in pre-
viously optimized conditions (10) with minor modifications. Each de-
fatted and lyophilized tissue (equivalent to 3 mg) was suspended in
0.02% 1-propanesulfonic acid, 2-hydroxy-3-lauramido in 10 mm am-
monium bicarbonate; reduced with DTT; S-carbamoylmethylated;
and digested with trypsin (Sigma). Following deglycosylation by treat-
ment with peptide-N-glycosidase F (PNGase F;' Hoffmann-La
Roche), the samples were digested with Pronase (Calbiochem). The
supernatant was evaporated to dryness and redissolved in 120 ul of
10 mm ammonium bicarbonate.

N-Glycan FPurification and Derivatization—N-Glycans in the de-N-
glycosylated sample were purified and labeled by using a previously
described method (7). Briefly 20-ul aliquots of epidermis and dermis
samples were applied to a polymer displaying hydrazide functionality
at high density (BlotGlyco H), 180 unl of 2% acetic acid in acetonitrile
was added, and the released N-glycans were captured via hydrazone
linkage by incubation at 80 °C for 45 min. After the beads were
washed with 2 M guanidine hydrochloride in ammonium bicarbonate,
H,0, and 1% triethylamine in methancl, 10% acetic anhydride in
methanol was added, and the solution was incubated at room tem-
perature for 30 min to cap the residual hydrazide groups. Following
the washing of the beads with 10 mm hydrochioric acid, methanol,
and dioxane, the sialic acids were methyl esterified by incubation at
60 °C for 60 min with 100 mm 3-methy-1-p-tolyltriazene in dioxane.

" The abbreviations used are: PNGase F, peptide-N-glycosidase F;
ConA, concanavalin A; aoWR, N*-{{aminooxy)acetyl)tryptophanylar-
ginine methyl ester; LacdiNAc, N,N’-diacetyllactosediamine (Gal-
NAcB1-4GIcNAc); PA, 2-aminopyridine; ODS, octadecylsilyl silica;
MDSF, matrix-dependent selective fragmentation; Ah, anthraniloyl
hydrazine; SPR, surface plasmon resonance; Fuc, fucose; M2,
Man,GlcNAc,; M3, MangGlcNAc,; M3F, Man,GicNAc,Fuc; M4,
Man,GlcNAc,; NeuAc, N-acetylneuraminic acid; NeuGc, N-glycolyl-
neuraminic acid; MHC, major histocompatibility complex; Susd 2, sushi
domain-containing protein-2; «3GalT, a1,3-galactosyltransferase; GU,
glucose unit.

The beads were washed with dioxane, H,0O, methanol, and H,0, and
then 20 ul of 20 mm N*-((aminooxy)acetyl)tryptophanylarginine methyl
ester (aoWR) and 180 ul of 2% acetic acid in acetonitrile were added.
The solutions were heated at 80 °C for 45 min to transfer the glycans
captured on the beads to aoWR, and the glycans were eluted with
H,0. To remove the excess aoWR, an aliquot of each sample was
applied to a MassPREP™ hydrophilic interaction chromatography
uElution Plate (Waters, Milford, MA) according to the manufacturer's
instructions with minor modifications. Following washing with 1%
acetic acid, the wells were equilibrated with 1% acetic acid in 95%
acetonitrile. After the addition of each sample, the wells were washed
with equilibration solution and eluted with 1% acetic acid in 5%
acetonitrile.

N-Glycan Profiling by MALDI-TOF—Each purified aoWR-derivat-
ized sample was dried and diluted with 10 ul of 2,5-dihydroxybenzoic
acid (DHB; 10 mg/ml in 30% acetonitrile; Bruker Daltonics, Bremen,
Germany), and an aliquot (1 wl) was deposited on the stainless steel
target plate. The aoWR derivatized samples were analyzed to eluci-
date the relative quantities of the different oligosaccharides present in
each tissue. MALDI-TOF data were obtained using an Ultraflex time-
of-flight mass spectrometer (Bruker Daltonics) equipped with a LIFT-
TOF/TOF unit controlled by the FlexControl 2.2 software package. All
of the spectra were obtained using the reflectron mode with an
acceleration voltage of 25 kV, a reflector voltage of 26.3 kV, and a
pulsed ion extraction of 160 ns in the positive ion mode. The results
were obtained by accumulating the signals of 1,000 laser shots. The
signal intensity of each mass was automatically calculated by Flex-
Analysis 2.0. Estimations of N-linked type oligosaccharide structures
were obtained by entering the peak masses into the GlycoMod Tool
(Swiss Institute of Bioinformatics) and GlycoSuite (Proteome
Systems).

Neutral N-Glycan Profiling by the Two-dimensional Mapping Tech-
nique—Each sample was also analyzed by derivatization with 2-amin-
opyridine (PA) followed by the two-dimensional mapping technique as
described previously (11, 12). Briefly N-glycans in the de-N-glyco-
sylated sample were purified by gel filtration and derivatized with PA
and sodium cyanoborohydride. After removal of unreacted PA by
Sephadex G-15 (GE Healthcare), the PA-oligosaccharides were fur-
ther purified by collecting the elution from amide-80 (4.6 X 250 mm,
Tosoh, Tokyo, Japan) using HPLC. The mixture of PA-oligosacchar-
ides was applied to an octadecylsilyl silica (ODS; 6 X 150 mm,
Shimadzu, Kyoto, Japan) HPLC column, and the elution times of the
individual peaks were normalized with reference to the PA-derivatized
isomalto-oligosaccharides of polymerization degree 4-20 and repre-
sented by GU (ODS). Then individual fractions separated on the ODS
column were applied to the amide-80 column. Similarly the retention
time of the individual peaks on the amide-80 column were repre-
sented by GU (amide). Thus, a given compound from these two
columns provided a set of GU (ODS) and GU (amide) values, which
corresponded to coordinates of the two-dimensional sugar map. By
comparison with the coordinates of reference PA-oligosaccharides,
the N-glycans from skin were identified. Identification was confirmed
by co-chromatography with a candidate reference on the columns
and sequential exoglycosidase digestion. Molar ratios of N-glycans
were calculated from the individual peak areas.

MALDI-TOF/TOF MS of PA-derivatized N-Glycans Using the Matrix-
dependent Selective Fragmentation (MDSF) Method—Some of the
PA-derivatized N-glycans also were analyzed by MALDI-LIFT-TOF/
TOF MS using MDSF according to the procedure described previ-
ously (13, 14). a-Cyano-4-hydroxycinnamic acid (Bruker Daltonics)
was prepared as a saturated solution in 3:1 (v/v) acetonitrile/water.
The desalted PA-derivatized N-glycan samples were dissolved in
water, applied on the target spot of the stainless steel target plate,
mixed with 1 ul of matrix solution (either 2,5-dihydroxybenzoic acid or
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a-cyano-4-hydroxycinnamic acid), and dried at room temperature. All
measurements were performed using an Ultraflex TOF/TOF mass
spectrometer equipped with a reflector and controlled by the Flex-
Control 2.2 software package (Bruker Daltonics). In MALDI-TOF MS
reflector mode, ions generated by a pulsed UV laser beam (nitrogen
laser, A = 337 nm, 5 Hz) were accelerated to a kinetic energy of 23.5
KV. Metastable ions generated by laser-induced decomposition of the
selected precursor ions were analyzed without any additional collision
gas. In MALDI-LIFT-TOF/TOF mode, precursor ions were accelerated
to 8 kV and selected in a timed ion gate. The fragments were further
accelerated by 19 kV in the LIFT cell, and their masses were analyzed
after the ion reflector passage. Masses were automatically annotated
by using the FlexAnalysis 2.2 software package.

Preparation of Glycopeptides— Defatted and lyophilized murine ep-
idermis (30-50 mg) was dissolved in a solution of 7 M guanidine
hydrochloride, 0.5 M Tris-HCI, pH 8.5, and 10 mm EDTA; reduced with
DTT,; and S-carbamidomethylated. The alkylated proteins were dia-
lyzed against 10 mm ammonium bicarbonate and digested with tryp-
sin. The digested proteins were applied to a concanavalin A (ConA)-
agarose (Seikagaku Co., Tokyo, Japan) column equilibrated with a
solution of 150 mm NaCl, 1 mm MgCl,, 1 mm CaCl,, and 10 mm
Tris-HCI buffer, pH 7.5. After the column was washed with equili-
brated buffer, the glycopeptides carrying biantennary complex-type
oligosaccharides were eluted with buffer containing 10 mm methyl
a-glucopyranoside. The eluted glycopeptides were then separated on
an ODS column using HPLC with a linear gradient of acetonitrile
(0-32%) in 0.1% formic acid. Chromatography was carried out at a
flow rate of 1 ml/min at room temperature and was monitored at 214
nm. The glycopeptide mixture was separated into 100 fractions and
dried with a centrifugal vacuum concentrator. The fractionated gly-
copeptides were dissolved in 10 ul of 30% acetonitrile. A portion (1
wl) of each fraction was deglycosylated by PNGase F and dissolved in
the matrix solution.

Glycopeptide Identification by MALDI-TOF/TOF—Each fraction
with and without PNGase F treatment was mixed with 2,5-dihydroxy-
benzoic acid (10 mg/ml in 30% acetonitrile) and then applied to the
MALDI target plate. MALDI-TOF and MALDI-TOF/TOF data were
obtained using an Ultraflex time-of-flight mass spectrometer as
above. For fragmentation ion analysis in the TOF/TOF mode, precur-
sors were accelerated to 8 kV and selected in a timed ion gate.
Fragment ions generated by laser-induced decomposition of the pre-
cursor were further accelerated by 19 kV in the LIFT cell, and their
masses were analyzed after passing the ion reflector. Masses were
automatically annotated by using FlexAnalysis 2.0. External calibra-
tion of MALDI-TOF MS was carried out using singly charged mo-
noisotopic peaks and fragments of a mixture of human angiotensin Ii
(m/z 1046.542; Bruker Daltonics), bombesin (m/z 1619.823; Bruker
Daltonics), and adrenocorticotropic hormone-(18-39) (m/z 2465.199;
Bruker Daltonics).

Protein Identification by Database Search—Peak lists were gener-
ated from the MS/MS spectra using Bruker FlexAnalysis (Version 2.0)
and were processed by the MASCOT™ (Version 2.1, Matrix Science,
London, UK) search algorithm to assign peptides based on the Mass
Spectrometry Protein Sequence Database (MSDB database updated
February 27, 2005, 1,942,918 sequences), a database containing
75,031 mouse genome sequences. The database was searched for
tryptic peptides with up to one miscleavage and a mass tolerance for
the precursor ions of 1.2 Da and for the fragment ions of 2.0 Da. All
cysteine residues were treated as being carbamidomethylated. De-
amidation of asparagines caused by deglycosylation was considered.
We first screened the candidate peptides with probability-based
MOWSE (molecular weight search) scores that exceeded their thresh-
olds (p < 0.05) and with MS/MS signals for y- or b-ions >5. If the
peptide did not contain the consensus tripeptide sequence for N-

linked glycosylation (NX(S/T)) the data were eliminated regardless of
the matching score. In total, 14 sets of MS/MS data were obtained.

Determination of the Relative Quantities of the Microheterogeneous
Glycoforms Present at Each N-Glycan Binding Site—Following the
fractionation of ConA-bound fractions (eluted with buffer containing
10 mm methyl a-glucopyranoside or 100 mm methyl a-mannopyran-
oside), each fraction was further analyzed by reversed-phase chro-
matography as described previously (5). The relative quantitation of
the microheterogeneity of different glycoforms present at a particular
N-glycan binding site was determined by comparing the signal inten-
sities upon mixing the same volume from each successive fraction
that contained the same peptide backbone.

FPurification of Oligosaccharide Having Gala1-3Gal Epitope and
Labeling with Biotin—Purification of oligosaccharide having the
Gale1-3Gal epitope and its labeling with biotin were performed as
described previously (7). Briefly alkylated and dialyzed murine epider-
mal proteins were digested with trypsin/PNGase F and were sub-
jected to glycobiotting as described above. The blotted oligosaccha-
rides were recovered as anthraniloyl hydrazine (Ah) derivatives, which
are fluorogenic and suitable for chromatographic separation. Ah-
derivatized oligosaccharides were subjected to ConA immobilized
affinity chromatography and normal-phase HPLC according to the
procedure described previously (15). Purified oligosaccharides (100
pmol) were dissolved in 2% acetic acid in 98% acetonitrile and were
incubated with aminooxy biotin (Biotium, Inc.) (2 nmol) to promote the
conversion of Ah derivatives to biotin derivatives. To remove the
excess aminooxy biotin, an aliquot of samples was applied to an
amide-80 column.

Surface Plasmon Resonance Analysis—The aminooxy-labeled oli-
gosaccharide (10 pmol) was introduced onto a streptavidin preimmo-
bilized sensor surface (sensor chip SA-5 (BIACORE AB, Uppsala,
Sweden)). Recombinant murine galectin-3 and -7 (R&D Systems, Inc.)
were purified with Superdex 200 10/300 GL (GE Healthcare) to re-
move excess carrier protein. Interactions were monitored by surface
plasmon resonance (SPR) using a BIACORE 2000 system (BIACORE
AB) as described previously (16). The reference flow cell sensorgram
(determined by injection over a blank surface) was subtracted from
the corresponding sensorgrams to abolish base-line drift, bulk, and
nonspecific interaction contributions.

RESULTS AND DISCUSSION

Gross N-Glycan Profiling of Murine Dermis and Epider-
mis—We analyzed the murine dermal and epidermal N-gly-
comes using a recently established glycoblotting technique
(7) that utilizes a polymer displaying high density hydrazide
functionality (BlotGlyco H) coupled with solid-phase methy!
esterification of sialic acids and subsequent tag conversion by
aoWR, a labeling reagent (MS probe) for highly sensitive
MALDI-TOF MS. As shown in Fig. 1, the MALDI-TOF MS
spectra obtained from each sample differed substantially; the
epidermal glycome tended to be of smaller molecular size
than dermal glycome. We detected 75 oligosaccharides in
either dermis or epidermis, more than twice the number de-
tected previously when sialic acids were removed (5). This
great increase is attributable not only to the addition of a
variety of sialylated species but also to improved detection
sensitivity from the drastically improved signal-to-noise ratio
obtained with the glycoblotting technique because of its ex-
tremely high purification power. The structure and relative
abundance of each detected oligosaccharide are summarized

234 Molecular & Cellular Proteomics 8.2

—521—



Glycoform-focused Reverse Genomics of Skin

4 5 § k: 8

0.
-

Epidermis .
10
2
15
22 32
3 s‘;’ 17 24
. l l‘"’s 38 44
16
8 1B 40 29 3d 48 L 83
2
‘ 5 sﬁl }?19 21 b b @ i& Mﬂt sa’ 5455 61 67
i L | i il ui2830, | 37(#0.42145 588~ sg |
Dermis
39 &2
10
15 70
!
75
2 34 67 1}2 13 6&9 74 79
H 73
8 72 80
(VL “h 1 - : , . il i
1000 1250 1500 1750 2000 2250 2500 2750 3000 3250

miz
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derivatized with aoWR(H). The putative compositions of the numbered oligosaccharide signals are shown in Table |. Dotted lines with numbers

were putatively assigned to be hexose oligomers ((Hex),_,,).

in Table |. We quantified the relative abundance of each type
of structure in the observed oligosaccharides (Fig. 2). High
mannose-type oligosaccharides, including Man,GIcNAc,
(M2), MansGlcNAc, (M3), Man,;GlcNAc,Fuc (M3F), and Man,-
GlcNAc, (M4) were more highly expressed in epidermis than
in dermis (Fig. 2a). The relative abundance of M2, M3, M3F,
and M4, which are considered to be degraded products ac-
cording to the well characterized N-glycan biosynthesis (17),
was much higher in epidermis than in dermis (Fig. 2b, “Oth-
ers”) in good agreement with our previous report (5).
Sialylated species were scarcely observed in epidermis,
whereas ~40% of dermal N-glycans were found to be sialy-
lated (Fig. 2a). In mice, the sialylated species include both
N-acetylneuraminic acid (NeuAc) and N-glycolylneuraminic
acid (NeuGc), but NeuGc was the major sialic acid form (Fig.
2c). The relative abundance of oligosaccharides having one or
more fucose residues was also substantially lower in epider-
mis than in dermis; fewer than 30% of epidermal oligosac-
charides were modified with fucose, whereas 50-60% of
dermal oligosaccharides were fucosylated (Fig. 2d). The rela-
tively smaller molecular size observed for the epidermal N-
glycome may in part be attributable to decreased sialylation
as well as fucosylation. This finding, in conjunction with the

marked increase of M2, M3, M4, and their fucosylated ana-
logues in epidermis, suggests that glycoforms of epidermal
glycoproteins are often trimmed by several glycosidases.
These observations most likely reflect the unique epidermal
environment, which is rich in degradation enzymes, including
various glycosidases, because of the desquamation of living
cells (18). Thus although many non-reducing terminal
epitopes vanished, interestingly the expression of oligosac-
charides containing the Gala1-3Gal epitope was only de-
tected in epidermis (Fig. 2e). The presence of the Gala1-
3Gal epitope in mice epidermis was predicted from the
histochemical studies using Griffonia simplicifolia-1 (GS-1), a
lectin known to bind to the Gala1-3Gal epitope (19), al-
though the histochemical approach does not clarify whether
the glycoconjugate of interest is a glycolipid or an N-glyco-
sylated or O-glycosylated glycoprotein.

Reverse Proteomics/Genomics of the Gala1-3Gal Epitope—
The unique expression profile of Gala1-3Gal in mouse epi-
dermis prompted us to identify proteins that carry the Gala1-
3Gal epitope in murine epidermis. Because all the observed
glycans having the Gala1-3Gal epitope were biantennary ol-
igosaccharides, we used ConA as an affinity reagent for the
enrichment of the glycopeptides of interest. Immobilized
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TABLE |
Observed signals of oligosaccharides released from murine skin glycoprotiens
Cligosaccharides indicated with an asterisk were detected also by a two-dimensional (2D) mapping technique. Structures were detemined
by a two-dimensional mapping technique combined with sequential exoglycosidase digestions. Green square, GIcNAc; light blue square,
GalNac; yellow circle, Man; dark blue circle, Gal; red inverted triangle; Hex, hexose; HexNac, N-acetylhexosamine; dHex, deoxyhexose.

_ng_’f_l_egﬂig dermis
Observed " elative Refative
N (nvz) compositon aoundance ®) 20 sructures ::’e‘;"::”s%f%’ 2D structures
(n=3) (n=3)
1 1016.4424 (Hex)1 (HexNAC)2 01+ 01 02+ 02
2 1178.4952 (Hex)2 (HexNAc)2 66 £+ 15 11« 06
3 1324.5531 (Hex)2 (HexNAc)2 (Deoxyhexose)t 27+ 05 14+ 08
4 1340.548 (Hex)3 (HexNAC)2 12+ 08 13 & 07
5 1381.5746 (Hex)2 (HexNAc)3 03+ 01 00+ 00
6 1486.6059 (Hex)3 (HexNAC)2 (Deoxyhexose) 55+ 20° Sl 06+ 02
7 1502.6008 (Hex)4 (HexNAG)2 40 % 08 hee  Pues  Ches 08 02 g,
B 15436274 (HexNAG)H + (Man)3(GicNAG)2 125 01 | Bes 04+ 01
9 1648.6587 (Hex)4 (HexNAG)2 (Deoxyhexose)1 03+ 01 00z 00
10 16646536 (Hex)2 + (Man)3(GlcNAS2 170 16°* e 80+ 16° P
11 1682.6853 (HexNAC)1 (Deoxyhexose)l + (Man)3{GlcNAc)2 05 2 01 “ﬁws 08 Q2
12 1705.6802 (Hex)1 (HexNAG)T + (Man)3(GlcNAc)2 192 06+ ““ew 07 017 L ee
13 1748.7068 (HexNAC)2 + (Man)3(GIcNAC)2 11+ 01 03+ 01
14 18107115 (Hex)2 (Deoxyhexose)1 + (Man)3(GlcNAS)2 01 01 00+ 00
15 1826.7064 (Hex)3 + (Man)3(GlcNAG)2 85+ 11+ e 50« 04 °* e
16 1848.7384 (HexNAC)1 (Neuhc)T + (Man)3(GlcNAC)2 02+ 02 01t 02
17 1851.7381 (Hex)1 (HexNAc)1 (Deoxyhexose)t + (Man)3(GIcNAC)2 17+ 03+ ko 08+ 03° el
18 1867.733 (Hex)2 (HexNAC)! + (Man)3(GlcNAC)2 07 + 01 1 027 e
19 18927647 (HexNAc)2 (Deoxyhexose)1 + (Man)3(GlcNAG)2 05+ 00°* el 20 06*  Diwal
20 1908.7596 (Hex)1 (HexNAC)2 + (Man)3(GIcNAC)2 16+ 017 “Ihes S 05+ 01°* Cies "o
21 19427862 (HexNAC)3 + (Man)3(GicNAG)2 03+ 00 00t 00
22 19887592 (Hex)4 + (Man)3(GlcNAS)2 61t 08 °*  Phos e 22 01 Phee oo
23 1994.7963 (HexNAC)1 (Deoxyhexose)1 {NeuA)1 + (Man)3(GkNAC)2 01+ 01 00+ 00
24 20107912 (Hex)1 (HexNAGH (NeuAc) + (Man)3(GlcNAQ)2 0t x 02 032 00
25 2013.7909 (Hex)2 (HexNAC)! (Deoxyhexose)t + {Man)3(GleNAc)2 06+ 02 05+ 01
26 2026.7912 (Hex)1 (HexNAG)! (NeuGa)1 + (Man)3(GicNAG)2 01+ 01 05+ 041
27 2029.7858 (Hex)3 (HexNACH + (Man)3(GIcNAC)?2 04 02° B 09t 00"  Pheo
26 20548175 (Hex)1 (HexNAC)2 (Deoxyhexose)t + {Man)3{GIcNAC)2 652 01 kel Pl 17 2 04 “ihed  Phol
28 2070.8124 (Hex)2 (HexNAG)2 + (Man)3(GIGNAC)2 18t 05°  Phee 57+ 05°% [%%ae
30 20058441 (HexNAC)3 (Deoxyhexose) + (Man)3(GIcNAG2 014 01 06 % 01  Yfead
31 2111.839 (Hex)1 (HexNAQ)3 + (Man)3(GIcNAS)2 05t 041 02 02
32 2150812 (Hex)s + (Man)3(GlcNAC)2 83+ 03° [Phee 242 06° s
33 2152.8656 (HexNAC)4 + (Man)3(GeNAC)2 00+ 00 00+ 00
34 2156.8491 (Hex)1 (HexNAC)1 (Deoxyhexase)t (NeuAc)1 + (Man)3(GlcNAc)2 00+ 00 00+ 00
35 2172844 (Hex)2 (HexNAGH (NeuAc)! + (Man)3(GleNAC)2 02+ 01 06 £ 01
36 2175.8437 (Hex)3 (HexNAG)! {Deoxyhexose)? + (Man)3(GIcNAG)2 02+ 00 00 = 00
37 2188.844 (Hex)2 (HexNAc)! (NeuGa)1 + (Man)3(GiaNAC)2 01z 01 08 = 01
38 2191.8386 (Hex)d (HexNAC) + (Man)3(GIcNAC)2 03+ 0O 00 00
39 2216.8703 (Hex)2 (HexNAG)2 (Deoxybexose)t + (Manj3(GlcNAc)2 28t 03+ aoped 146 15°* IS5l
40 22328652 (Hex)3 (HexNAC)2 + (Man)3(GIcNAC)2 04+ 01 00 & 00
41 2257.8969 (Hex)1 (HexNAC)3 (Deoxyhexose)t + (Man)3(GleNAc)2 05+ 01 07 £ 01 il el
42 22735918 (Hex)2 (HexNAC)3 + (Man)3(GIcNAc)2 03+ 01 00 % 041
43 2208.9235 (HexNAC)4 (Deoxyhexose)1 + (Man)3(GIcNAG)2 05+ 00 00+ 00
44 2312.8648 (Hex)6 + (Man)3(GlcNAC)2 41 07 % P 17 08 bw
45 2334,8968 (Hex)3 (HexNACH (NeuAc)! + (Man)3(GlcNAc)2 01 % 02 04+ 00
48 2350.8968 (Hex)3 {HexNACH (NeuGa)t + (Man)B(GIcNAC)2 00+ 00 05+ 00
47 2358.9285 (Hex)1 (HexNAC)2 (Decxyhexase}t (NeuAc) + (Man)3(GIcNAG2 00+ 00 03+ 02

(HexNAc)2 (Deoxyhexose)2 (NeuGc)1 + (Man)3(GlcNAc)2
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TaBLE |—continued

Observed ; elative elative
AR ™ 20 soucres e ™ 20 s
, =3 (n=3)
48 2362.9282 (Hex)2 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GIcNAC)2 13+ 02 02 02
48" 2375.9234 (Hex)2 (HexNAC)2 (NeuAc)T + (Man)3(GleNAc)2 00: 00 11 02
50 2378.9231 (Hex)3 (HexNAC)2 (Deoxyhexose)1 + (Man)3(GIcNAC)2 072 01 “lieeld 07 & 041
51 2391.9234 (Hex)2 (HexNAC)2 (NeuGa)1 + (Man)3(GIcNAC)2 01+ 01 52+ 04
52 2394918 (Hex)d (HexNAC)2 + (Man)3(GIcNAC)2 07 & 01 Ilipes 00t 00
53 2418.9497 (Hex)2 (HexNAc)3 (Deoxyhexose)t + (Man)3(GlcNAc)2 04+ 0O 05+ 041
54 24359446 (Hex)3 (HexNAQ)3 + (Man)3(GIcNAC)2 033 01 IPpes 00 00 ke A
55 2476.9712 (Hex)2 (HexNAC)4 + (Man)3(GIcNAC)2 06+ 01 00 % 00
58 2489.9915 (HexNAc)2 (Deoxyhexose)3 (NeuAcH + (Man)3(GIcNAC)2 00 0O 00+ 00
57 2505.0864 (Hex)1 (HexNAC)2 (Deoxyhexose)2 (NeuAc) + (Man)3(GlcNAC)2 00z 00 03+ 03
58 25089861 (Hex)2 (HexNAc)Z (Deoxyhexose)3 + (Man)3(GIcNAC)2 04+ 00 00+ 00
59 2518.9816 (Hex)1 (HexNAC)2 (NeuAc)2 + (Man)3(GIcNAC)2 00z 00 02+ 01
80 2521.9813 (Hex)2 (HexNAc)2 (Deoxyhexose)t (NeuAc) + (Man)3(GIcNAC)2 01 01 11 % 02
61 2524.981 (Hex)3 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GIcNAC)2 04z 0O 00+ 00
62 2537.9813 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuGc)1 + (Man)3{GicNAG)2 o1 041 153 & 21
63 2540.9759 (Hex}4 (HexNAc)2 (Deoxyhexose)t + (Man)3(GIcNAC)2 122 00 %% 00+ QO
64 2553.9762 (Hex)3 (HexNAC)2 (NeuGe)1 + (Man)3(GicNAc)2 012 01 00t 00
85 2560.0082 (HexNAG)3 (NeuAc)2 + (Man)3(GIcNAC)2 00+ 00 02+ 04
86 2563.0079 (Hex)! (HexNAC)3 (Deoxyhexose)1 (NeuAc)t + (Man)3(GlcNAG)2 00 00 00+ 00
67 2582.0025 (Hex)3 (HexNAC)3 (Deoxyhexose)l + (Man)3{GlcNAC)2 02 00 05+ 05°* W $EE
68 2681,0344 (Hex)2 (HexNAC)2 (NeUAS)2 + (Man)3(GIeNAC)2 00+ 00 01+ 03
69 2684.0341 (Hex)3 (HexNAc)2 (Deoxyhexose)! (NeuAc)! + (Man)3(GlcNAc)2 01z 01 04+ 01
(Hex)2 (HexNAc)2 (Deoxyhexose)2 (NeuGe)1 + (Man)3(GicNAC)2 )
70 2713.0344 (Hex)2 (HexNAC)2 (NeuGc)2 + (Man)3(GIcNAC)2 01 01 61+ 17
71 2725.0607 (Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)! + (Man)2(GIcNAS)2 00+ 00 00+ 00
72 2741.0556 (Hex)3 (HexNAc)3 (NeuAc)T + (Man)3(GleNAC)2 00+ 00 ' 02x 03
(Hex)2 (HexNAC)3 (Deoxyhexose)t (NeuGe)1 + (Man)3(GicNAc)2
73 2827.0923 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NewAc)2 + (Man)3(GIcNAC)2 00+ 0O 05 & 05
74 2843.0823 (Hex)2 (HexNAC)2 (Deoxyhexose)t (NeuAc)t (NeuGc)1+ (Man)3(GkNAGH2 06+ 0D 07+ 02
75 2859.0023 (Hex)2 (HexNAC)2 (Deoxyhexose)t (NeuGe)2 + (Man)3(GlcNAC)2 00z 00 49+ 16
76 2887.1135 (Hex)3 (HexNAC)3 (Deoxyhexose)t (NeuAc)1 + (Man)3(GIcNAC)2 00 * 00 00t 00
77 29001138 (Hex)2 (HexNAC)3 (NeuAc)! (NeuGe)1 + (Man)3(GIcNAC)2 00 % 00 01+ 02
(Hex)1 (HexNAc)3 (Deoxyhexose)t (NeuGc)2 + (Man)3{GieNAC)2
78 2903.1084 (Hex)4 {HexNAG)3 (NeuAc)1 + (Man)3(GIcNAG)2 00+ 00 04+ 086
(Hex)3 (HexNAC)3 [Decxyhexose}t (NeuGa)1 + (Man)3(GIcNAC)2
78 3034.1454 (Hex)2 (HexNAG)2 (NeuGe)3 + (Man)3{GicNAG)2 00: 00 04+ 04
80 3048.1663 (Hex)3 {HexNAC)3 (Deoxyhexose)2 (NeuGc)1 + (Man)3(GNAG2 00z 00 01 01
{Hex)d (HexNAC)3 (Deoxyhexose)t (NeuAc)T + (Man)3(GIcNAS)2
81 3192.2206 (Hex)3 (HexNAC)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 00z 0O 00+ 00
82 3360.2884 (Hex)5 (HexNAG)E + (Man)3(GIcNAC)2 01z 02 00 00

ConA columns bind weakly to biantennary complex-type N-
glycans, which can be eluted with 10 mM a-methylglucoside
(20). Peptides were identified by off-line LC-MALDI-TOF/TOF
analysis by analyzing the glycopeptide or by analyzing the
peptide following PNGase F digestion.

We identified six glycoproteins with seven N-glycosylation
sites that carry the Gala1-3Gal epitope (supplemental Fig. 1;
summarized in Table Il). Although we only identified a limited
number of glycoproteins, they are likely to represent the major
Gala1-3Gal proteins because we identified those glycopep-

tides with the strongest signal intensities. Among the six
glycoproteins identified as carrying Gala1-3Gal, both desmo-
glein 1 and desmocollin 1 are components of intercellular
desmosome junctions and are involved in the interaction of
plaque proteins and intermediate filaments mediating cell-cell
interactions (21). Integrin B4 is a glycoprotein that associates
with the o6 integrin to form the a6-84 complex, which func-
tions as a receptor for laminin. Integrin 4 also plays a critical
structural role in the hemidesmosome of epithelial cells (22).
H2-K1 and H2-D1 are components of MHC class | (MHC-),
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Fic. 2. Summary of intertissue comparisons of the murine skin N-glycome. N-Glycans quantified in each sample were classified
according to the number of sialic acid residues in which neutral glycans were further categorized into high mannose-type glycans and others
(@), the number of mannose residue(s) of high mannose-type glycans (b), forms and number of sialic acid residue(s) (c), the number of fucose
residue(s) (d), and the presence of a Gale'1-3Gal epitope (e). Values are shown as mean * S.D. (n = 3). The classification was performed based
on the estimated structures and compositions shown in Table I. Although six of the observed signals in Table | have two possible candidate
compositions, they are all low abundance species, and identifying which of the two compositions is present is of negligible importance.

TasLE Il
Summary of glycoprotiens identified as Gala1-3Gal epitope carriers

Glycosylation sites are underlined. ND, not detected.

Relative abundance (mean 2 S.0.)

Swiss.
Localization and protein name {gene name) ProdTrEMBL Seqguence MQE;:ST Emigr No. 28 Na. 40 Ne. 52 No. 38 Ne. 50 HNo. 83
Accession No. -
oo L oo o e ool
Desmosome
Desmoglein (Dsg1a or 1b or 1o} Q81485 or  LNATDADEPNNLNSMIAFK 43 0.0096 ND NO KD ND 336941775 663141775
QTT8F1 or
QTTSFO
Desmocaoliin 1 (Dsct) P558480 HRQYMISVWATOTAGR 78 320E-08 67402472 18.87 £3.01 1263178 ND ND ND
Hemidasmosome
integrin B4 {ityb4) AZABE3 TCKRCSTGSLSDTQPCLR 53 0.00087 ND ND ND ND 16281124 8372x11.24
SCOUPLENATCIDSNGGICNGR 100 1.70E-08 ND NO ND ND ND 1000£00
WMHC molecuie
H2-K1 protein (H2-K1) PO2881 YYNQSAGGSHTIOR 87 5.80E-05 ND ND ND 12.76 £2.36 1086 £2.97 75.56 + 5,28
HZ-D1 protein (H2-Q2) QBR3IYO TLLGYYNQSAGGTHTIOR 37 0.035 ND Ne ND ND ND 100.0 £0.0
Unknown
Sushi domain-containing protein 2 (Susd2) QeDexs FCILDVMSTGSSSVONATR 45 o.gos2 34.59 % 268 16.02 £ 0.88 986 £1.77 12614163 513£1.10 21.99£2.18

which noncovalently associates with B,-microglobulin (23).
MHC-I molecules display peptides from the intracellular pool
at the cell surface for recognition by T lymphocytes bearing
af T cell receptor and mediate cell-cell adhesion by directly
binding to CD8 (24-26). The functional role of sushi domain-
containing protein-2 (Susd 2) is not known, but it contains the
AMOP (adhesion associated domain in MUC4 and other pro-
teins) domain, an ~100-residue extracellular domain that oc-
curs in putative cell adhesion molecules and in some splice
variants of MUC4; because this domain is found in extracel-
lular domains involved in cell adhesion (27), it could be indic-
ative of an adhesive role for this protein. All six glycoproteins
commonly localize in extracellular space and are all bona fide
or predicted type | transmembrane proteins.

We further determined the relative abundance of different
microheterogeneous glycoforms present at a particular N-
glycan binding site according to a method described previ-
ously (5) (Table Il). Most glycoproteins identified as Gala1-
3Gal epitope carriers were almost exclusively modified with
oligosaccharides having the Gala1-3Gal epitope when the
fraction weakly bound to an immobilized ConA column was
used for the analysis. An exception was a glycopeptide of
desmocollin 1 in which oligosaccharides with the Galal-
3Gal epitope were not the major glycoforms. We previously
identified the same peptide to be glycosylated with high
mannose-type oligosaccharides when a fraction strongly
bound to an immobilized ConA column was used for the
analysis (5). To clarify the relative quantities of the micro-
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Fia. 3. Microheterogeneity of glycoforms present at each N-glycosylation site of seven glycopeptides identified as carrying a Gala1-
3Gal epitope. Two glycopeptides identified previously as carrying high mannose-type oligosaccharides were also analyzed for their microhetero-
geneity. The numbers correspond to the structures in Table |. An asterisk indicates that the oligosaccharide possesses a Gala1-3Gal epitope.

heterogeneous glycoforms present on the glycopeptides,
fractions both weakly and strongly bound to the immobi-
lized ConA column were collected in gross, and the relative
quantities of the microheterogeneous glycoforms present at
each N-glycan binding site were determined. In addition to
seven glycopeptides identified as modified with the Gala1-3Gal
epitope, we analyzed two glycopeptides determined previously
to be modified with high mannose-type oligosaccharides (Fig.
3). This analysis revealed that the glycopeptide of interest from
desmocollin 1 is dominantly modified with high mannose-type
oligosaccharides, and the relative proportion of Gala1-3Gal
was nominal. The same tendency was observed also for the
peptides of the H2-K1 and H2-D1 proteins. The remaining gly-
copeptides were dominantly modified with oligosaccharides
having the Gala1-3Gal epitope. This analysis also revealed
that the microheterogeneity of the two different glycosyla-
tion sites (underlined) on desmoglein 1 are completely differ-
ent; LNATDADEPNNLNSMIAFK is dominantly modified with
oligosaccharides having the Gala1-3Gal epitope, whereas
TGEINITSIVDR is dominantly modified with high mannose-
type oligosaccharides. These observations indicate that the
Gala1-3Gal epitope is preferentially attached to adhesion
molecules, and the spatial arrangement of this epitope on the
protein is highly regulated.

Mice deficient in «3GalT-1 develop cortical cataracts within
4-6 weeks of birth (28). Although no other notable patholog-
ical abnormality has been detected, these «3GalT-1-deficient
animals retain a residual level of the aGal epitope possibly
because of compensation by «3GalT-2 (29, 30). Very recently,
transgenic mice that systemically express endo-3-galactosid-
ase C, which removes the terminal Gala1-3Gal disaccharide,
were produced. Flow cytometry and histochemical analyses
showed that the Gala1-3Gal epitope was completely re-
moved from at least restricted organs including skin, heart,
and lung. Of a total of six founder mice obtained, three were
unable to survive after birth because they had severe pheno-
types, including edema and dry skin that resulted in loss of
moisture from the skin surface and finally to cracking of the
skin in the neonatal stage (31). Despite the marked pathologic
lesions in the epidermis, the dermis was normal in structure
(82). These observations agree well with the distribution of the
Gala1-3Gal epitope in the murine dermis and epidermis
shown in the current study. Proteins identified as Gala1-3Gal
carriers in this study may contribute to the severe phenotypes
seen upon failure of proper a-galactosylation.

To further validate these findings, we compared our pro-
teome data with the tissue distributions derived from the
enormous amount of expression data present in the SymAtlas
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of the Genomics Institute of the Novartis Research Founda-
tion (33). Among the six proteins identified, desmoglein 1,
desmocollin 1, and integrin B4 are highly selectively ex-
pressed in epidermis, digits, and tongue. H2-K1 and H2-D1
are most highly expressed in B celis and T cells but are also
expressed in various other tissues and organs including
lymph node, trachea, adipose tissue, epidermis, lung, spleen,
and small intestines. Susd 2 is ubiquitously expressed, but it
is expressed most highly in umbilical cord and dorsal root
ganglia followed by epidermis, trigeminal, and kidney. The
transcriptional profiling data of «3GalT-71 shows that it is
ubiquitously expressed but is most highly expressed in the
female reproductive system (e.g. in fertilized egg, oocyte,
blastocytes, and placenta)(supplemental Fig. 2) consistent
with previous findings that the terminal Gala1-3Gal epitope is
crucial for murine sperm-egg binding (34) and recognition
during initial gamete binding (35). The expression levels of
Ggtal in epidermis and eye are either slightly higher or equal
to the median, thus making it very difficult to predict the
phenotypes detected in «3GalT-1-deficient mice and trans-
genic mice expressing endo-p-galactosidase C by transcrip-
tomics data alone. We could discover that the Gala1-3Gal
epitope specifically modifies adhesion molecules, which can
possibly explain the phenotypes seen in transgenic mice, by
using the approach to link the glycome to the proteome and
transcriptome. The transcriptomics data indicate that desmo-
glein 1 and integrin B4 are also moderately expressed in the
eye; therefore, these molecules may be involved in the inci-
dence of cortical cataracts seen in «3GalT-1-deficient mice.

Identification of Gala1-3Gal Epitope-recognizing Molecule
in Murine Epidermis—N-Glycosylation has been shown to
modulate the adhesion properties of proteins, such as the
association of the o5 and B1 subunits of integrin, and receptor
functioning (36, 37). In this regard, the adhesion molecule-
specific glycosylation by the Gala1-3Gal epitope in murine
epidermis may also be involved in the modulation of the
adhesion properties of proteins. As a trial to explore this
possibility, genes of which epidermal expression is more than
10-fold over median expression levels were searched on Sy-
mAtlas. Among the list, six genes are Gene Ontology-anno-
tated as “sugar binding.” They are Aim1, Lgals3, Lgals7, Mgi1,
Mgi2, and Mrc1, each encoding absent in melanoma 1, ga-
lectin-3, galectin-7, macrophage galactose N-acetylgalac-
tosamine-specific lectin 1, macrophage galactose N-acetyl-
galactosamine-specific lectin 2, and macrophage mannose
receptor 1, respectively.

Galectins are a group of relatively small lectins whose ability
to bind to B-galactosides is evolutionarily conserved among
extensive organisms. Galectin-3 is expressed and secreted
by various types of cells, especially monocytes, macro-
phages, mast cells, and epithelial cells including corneal ep-
ithelium (38). It is a mitogen capable of stimulating fibroblast
cell proliferation in a paracrine fashion through interaction
with cell surface glycoconjugates (39). This protein can also

exert an antiapoptotic activity underscoring its strong effect
on cell growth (40). Unlike galectin-3, expression of galectin-7
is restricted to epithelia that are stratified or are destined to
become stratified (41). Galectin-7 is thought to play a role in
apoptosis (42). The carbohydrate binding specificities of ga-
lectins have been elucidated by many researchers. Notably
Hirabayashi et al. (43) extensively analyzed the interaction of
galectins, including galectin-3 and -7, by frontal affinity chro-
matography using 41 glycans (including 12 N-glycans). To our
knowledge, however, the interaction of galectin-3 and -7 with
N-glycans having the Gala1-3Gal epitope(s) has not been
elucidated. Therefore, we examined the interaction of galec-
tin-3 and -7 with various naturally derived N-glycans including
the biantennary oligosaccharide having two Gala1-3Gal
epitopes at the non-reducing termini (number 63 in Table 1) by
SPR. Following the biotinylation of each oligosaccharide, they
were immobilized onto the streptavidin preimmobilized sur-
faces. The molar amount of each immobilized oligosaccharide is
presumed to be nearly constant because the amount of strepta-
vidin was constant, and an excess of purified biotinylated oli-
gosaccharide was introduced (16). The validity of the immo-
bilization of each N-glycan was quantitatively confirmed by
measuring interactions with ConA and RCA,,,, whose sugar
binding specificities are well characterized (supplemental
Fig. 3).

The murine galectin-3 and -7 were passed over the sensor
surface at concentrations of 0.7 and 1.3 uwm, respectively, and
binding was monitored as changes in the SPR signal. As
shown in Fig. 4a, the bindings of galectin-3 differed markedly
depending on the structure of the immobilized N-glycans.
N-Glycans having two Gala1-3Gal epitopes gave the highest
increase in the resonance signal followed by an N-glycan with
one Gala1-3Gal epitope. N-Glycans terminated with GalBi~
4GIcNAc also interacted with galectin-3, but the response
was much lower. These results indicate that galectin-3 has
higher affinity to Gala1-3Galp1-4GIcNAc epitope than to
Galp1-4GIcNAc. Interestingly we observed that the presence
or absence of core fucose on the N-glycan with two Gala1-
3Gal epitopes affects the interaction with galectin-3; the pres-
ence of core fucose further increased the binding of galec-
1in-3. This may be attributable to the conformational change
of N-glycan. The presence of core fucose has been reported
to have a dramatic effect on the conformation of the Mana1-6
antenna resulting in the reduced flexibility of this antenna (44).
Note that N-glycosylation sites of desmoglein-1 and integrin
B4 identified to have Gala1-3Gal epitopes are almost solely
occupied by the N-glycan having two Gala1-3Gal epitopes
and core fucose. On the contrary, the increase in resonance
signal upon injection of galectin-7 was marginal (Fig. 4b).

Although similar gene expression patterns do not necessar-
ily mean that these two gene pairs are related, our analysis
clearly demonstrated that galectin-3 preferentially binds to
N-glycan with the Gala1-3Gal epitope than those without this
epitope and thus strongly suggested that the extracellular
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Fia. 4. Sensorgrams showing the interaction of immobilized oligosaccharides with galectins. a, murine galectin-3; b, murine galectin-7.

portion of cell surface adhesion proteins (e.g. desmoglein and
integrin) would associate with galectin-3 via Gala1-3Gal
epitopes on their N-glycans at epidermis. The biological sig-
nificance of the interaction of galectin-3 with cell surface
adhesion proteins needs to be further elucidated. Galectin-3
may mediate cell-cell/cell-extracellular matrix interactions or
act as deadhesion molecule as shown in the interaction of
thymocytes and thymic microenvironmental cells (45).

Glycomics of Human Dermis and Epidermis—The Galal1-
3Gal structure is abundantly expressed in glycoproteins and
glycolipids of nonprimate mammals and New World monkeys
but is not present in Old World monkeys, apes, and humans
(46-48). Therefore, we turned our focus to human epidermal
glycomics and glycoproteomics. To our knowledge, the gly-
comics of the human dermis and epidermis have not been
studied extensively.

We quantitatively analyzed human dermal and epidermal
glycome using the same procedure described for the murine
glycomics; the MALDI-TOF spectra are shown in supplemen-
tal Fig. 4. We estimated the structure and relative abundance
of each signal (supplemental Table 1), and we analyzed the
relative abundance of each type of structure in the oligosac-
charides observed in each sample (Fig. 5). The glycomic
profiles of both the epidermis and dermis were fairly similar
between mouse and human. The high mannose-type oligo-
saccharides (including M2, M3, and M4 and their fucosylated
analogues) were relatively abundant (Fig. 5, a and b), and the
sialylated and fucosylated species were of relatively low
abundance in human epidermis (Fig. 5, ¢ and d) as they were
for mice. The interspecies differences in dermal glycomic
profiles were mostly limited to the extent and form of sialyla-
tion: human contains only NeuAc, whereas mouse contains
both NeuAc and NeuGc. As a result, the signals observed in
the higher molecular mass region of the dermal glycome

spectra often shifted by 16 or 32 Da increments between
human and mouse.

As expected, no glycans carrying the Gala1-3Gal epitope
were observed in human dermis or epidermis. Instead we
found that the expression of oligosaccharides with the
GalNAcB1-4GIcNAc  (N,N’-diacetyllactosediamine; Lacdi-
NAc) epitope was exceptionally high in the human epidermis
(Fig. 5e). The presence of the LacdiNAc epitope were con-
firmed based on two-dimensional LC mapping as well as the
MDSF method in MALDI-TOF/TOF mass spectrometry as ex-
emplified in supplemental Fig. 5. The LacdiNAc epitope is com-
mon on the glycoproteins of invertebrates, such as helminth
parasites, but is also found on some mammalian glycoproteins
(49). In vertebrates, the group of glycoproteins that carries the
LacdiNAc epitope is diverse and includes membrane as well as
secreted glycoproteins, enzymes, hormones, transport pro-
teins, and protective glycoproteins (50, 51).

It is not clear at this point whether the LacdiNAc epitope
plays an important role in human epidermis as the Gala1-3Gal
epitope does in murine epidermis. However, it is noteworthy
that it was reported that a remarkably strict co-localization of
galectin-3-reactive binding sites with desmoglein was found
by immunohistochemical analysis of human comeal and con-
junctival epithelia (52). Although no detailed mechanism un-
derlying the interaction of galectin-3 and desmosomal pro-
teins has been elucidated to date, the LacdiNAc epitope may
mediate the interaction of these molecules. It may be inter-
esting to note also that the conjunctive epithelium from the
patient with Stevens-Johnson syndrome, a serious and po-
tentially life-threatening cutaneous drug reaction, expressed
no galectin-3-reactive binding sites (52). Future glycomics
and glycoproteomics analyses of various skin disorders would
enable the significance of the presence of the LacdiNAc
epitope in epidermis to be elucidated.
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Conclusion—In this study, we evaluated the murine skin
glycomics and glycoproteomics in detail, including sialylated
species, based on a recently established glycoblotting tech-
nigue and MALDI-TOF/TOF MS analysis. One of the key find-
ings was that the Gala1-3Gal epitope is highly selectively
attached to adhesion molecules of murine epidermis in a
glycosylation site-specific manner. These findings provide
mechanistic insight into the causal connection between the
genotype and the phenotype seen in «3GalT-1-deficient mice
and transgenic mice expressing endo-g-galactosidase C. Be-
cause protein glycosylation is very complicated, it is not pos-
sible with the current methodology to fully characterize the
N-glycosylation of proteins on a proteome-wide scale in terms
of the glycosylation site, oligosaccharide structure, and quan-
titative microheterogeneity. Very complex forms of transcrip-
tional and post-translational modifications can, in principle,
be analyzed with state-of-the-art top-down MS methods if
sufficient amounts of a purified protein are available (53);
however, major technological breakthroughs are needed to
achieve the purification of the protein(s) of interest and high
throughput protein analysis.

The correlation function of the searchable SymAtlas data-
base was then used to refine genes with an expression similar
to proteins identified to carry Gala1-3Gal epitope. Molecular
interaction analysis using naturally derived N-glycans with or
without the Gala1-3Gal epitope experimentally demonstrated
that N-glycan with not only Gala1-3Gal epitope but also the
core fucose is a preferred glycan ligand for galectin-3. Finally
comparative glycomics of murine and human epidermis indi-
cated that the LacdiNAc epitope, rather than the Gala1-3Gal

epitope, was highly expressed in human epidermis, although
its functions remain to be elucidated.

Glycoform-focused reverse genomics is a novel approach
that links data from different omics by first obtaining exhaus-
tive quantitative glycomics data and then tracing from the
glycome back to the proteome and transcriptome. This re-
verse approach allows novel classification of proteins and
genes with regard to the significance of glycosylation in a way
that is not possible with the information that can currently be
obtained from genomic, transcriptomic, and traditional pro-
teomic information alone. This concept would find wide ap-
plication for the identification of diagnostic biomarkers and
therapeutic targets.
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Embryonic hair follicle fate change by augmented B-catenin
through Shh and Bmp signaling

Kentaro Suzuki'?, Yuji Yamaguchi®, Mylah Villacorte'?, Kenichiro Mihara', Masashi Akiyama®,
Hiroshi Shimizu®, Makoto M. Taketo®, Naomi Nakagata', Tadasuke Tsukiyama®, Terry P. Yamaguchi’,

Walter Birchmeier®, Shigeaki Kato® and Gen Yamada'2*

B-catenin signaling is one of the key factors regulating the fate of hair follicles (HFs). To elucidate the regulatory mechanism of
embryonic HF fate determination during epidermal development/differentiation, we analyzed conditional mutant mice with
keratinocytes expressing constitutively active B-catenin (K5-Cre Catnb®3"), The mutant mice developed scaly skin with a
thickened epidermis and showed impaired epidermal stratification. The hair shaft keratins were broadly expressed in the epidermis
but there was no expression of the terminal differentiation markers K1 and loricrin. Hair placode markers (Bmp2 and Shh) and
follicular dermal condensate markers (noggin, patched 1 and Pdgfra) were expressed throughout the epidermis and the upper
dermis, respectively. These results indicate that the embryonic epidermal keratinocytes have switched extensively to the HF fate. A
series of genetic studies demonstrated that the epidermal switching to HF fate was suppressed by introducing the conditional
mutation K5-Cre Catnb®3™+Shhfi- (with additional mutation of Shh signaling) or K5-Cre Catnb®3BmpriAff (with additional
mutation of Bmp signaling). These results demonstrate that Wnt/B-catenin signaling relayed through Shh and Bmp signals is the
principal regulatory mechanism underlying the HF cell fate change. Assessment of Bmp2 promoter activities suggested a putative
regulation by B-catenin signaling relayed by Shh signaling towards Bmp2. We also found that Shh protein expression was increased
and expanded in the epidermis of K5-Cre Catnb®3#*BmprIA" mice. These results indicate the presence of growth factor signal
cross-talk involving B-catenin signaling, which regulates the HF fate.

KEY WORDS: Skin, Hair follicle (HF), Wnt, B-catenin, Bmp, Shh, Cell fate

INTRODUCTION

Recent studies have implicated members of the Wnt/B-catenin
signaling pathway as vital regulators of the epithelial-mesenchymal
interactions that specify the development of hair follicles (HFs)
(Fuchs, 2007; Yu et al., 2008). The essential role of Wnt/B-catenin
signaling during HF morphogenesis has been suggested by
transgenic and knockout mouse studies (Andl et al., 2002; Gat et al.,
1998; Huelsken et al., 2001; Lo Celso et al., 2004). Recent studies
using embryos have revealed that embryonic HF fate change, HF
differentiation and its excessive induction are induced by stabilized
f-catenin (Narhi et al., 2008; Zhang et al., 2008).

Besides Wnt/B-catenin signaling, Bmp (bone morphogenetic
protein) and Shh (sonic hedgehog) signaling have also been
suggested to regulate HF formation. Bmp signaling has been
suggested to regulate HF induction and the patterning of follicles
within the skin by repressing the placode fate (Botchkarev et al.,
1999; Jamora et al., 2003; Jiang et al., 1999; Noramly and Morgan,
1998; Rendl et al., 2008). Shh signaling regulates HF cell
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proliferation and morphogenesis (Chiang et al., 1999; St-Jacques et
al., 1998). However, the mechanisms involved in the downstream
effects of Wnt/B-catenin signaling to regulate HF fate are poorly
understood.

To elucidate whether the embryonic HF fate change is regulated
by several growth factor signaling pathways associated with Wnt/B-
catenin signaling, a conditional cutaneous-specific recombination
strategy was employed using a stabilized B-catenin allele, i.e. a B-
catenin gene with exon 3 encoding serine and threonine residues
flanked by LoxP sites [B-catenin flox(ex3); hereafter designated as
Catnb®@317] Cre recombinase-mediated excision leads to the
expression of a stabilized, constitutively active form of B-catenin
(Harada et al., 1999). We observed that hair placodes and the dermal
condensate expanded and that embryonic epidermal keratinocytes
displayed an HF-like differentiation in K5-Cre Catnb®»™ putant
mice. Intriguingly, those phenotypes were suppressed by introducing
an additional conditional mutation: K5-Cre Catnb®>"*BmprI A
or K5-Cre Catnb©@>¥*Shhf~, These results demonstrate that growth
factor signal cross-talk under conditions of activated B-catenin are
mediated through Shh and Bmp signaling, and are the principal
mechanisms for regulating HF fate. The assessment of the Bmp(s)
promoter activity and analysis of Shh protein expression also
provided clues to understand the mechanisms of signal cross-talk
during embryonic HF fate change.

MATERIALS AND METHODS

Mouse mutant alleles

The Catnb®)"* BmprIA™f, Shh™" and Shh™- alleles, and the keratin 5-
Cre (K5-Cre) strain have been described previously (Chiang et al., 1996;
Harada et al., 1999; Mishina et al., 2002; Tarutani et al., 1997) (Jackson
Laboratories Stock #004293). The BAT-lacZ mouse containing a
construct including the Tcf/Lef-binding sites has also been described
(Nakaya et al., 2005). Sampling of dorsal skin specimens was performed
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Fig. 1. Switching of embryonic epidermal keratinocytes to HF fate in K5-Cre Catnb®3®%* mutant skin. (A,B) Gross appearance of control
and of K5-Cre Catnb®3"+ mutant skin at £18.5. (C,D) Histology of control and of K5-Cre Catnb®3¥* mutant skin at E18.5. (E-H) Epidermal
differentiation marker expression: K1 (brown) and loricrin (green) at E18.5. (1,J) Immunostaining with AE13 antibody to detect hair shaft keratins
(red) at E18.5. (K, L) Histological alteration of the K5-Cre Catnb®3*+ mutant dermis compared with control, showing the dermal condensate
throughout the upper dermis. Arrowheads in K indicate dermal condensate. (M,N) Bmp2 expression is broadly induced in K5-Cre Catnb®3+
mutant epidermis at E16.5. (O,P) Bmp4 expression is ectopically detected in the mutant epidermis at E15.0. (Q,R) The pSMAD level is prominently
increased in the mutant epidermis and dermis compared with the control. (S,T) Shh expression is broadly detected in the mutant epidermis at
E18.5. (U-Z) The dermal condensate markers noggin, Ptch1 and Pdgfra are expressed throughout the upper dermis in K5-Cre Catnb®3+ skin at
£16.5. Dashed lines indicate the dermal-epithelial border. Scale bars: 1 mm for A,B; 50 um for C-J,M-R; 25 um for K,L,S-Z.

between embryonic day (E) 10.5 and E18.5. All animal experiments
were approved by the Animal Study Committee of the Kumamoto
University School of Medicine.

Histology, immunohistochemistry and X-gal staining analysis

The gross skin phenotype images were captured using the VHX system
(Keyence). Embryonic dorsal skin specimens were fixed overnight in 4%
paraformaldehyde (PFA)/PBS, dehydrated in methanol and embedded in
paraffin. Serial sections (6 pm) were prepared for Hematoxylin and Eosin
(HE) staining and immunohistochemistry.

Antibodies used were: keratin 1 (Covance PRB-165P), AE13 (AbCam),
loricrin (Covance PRB-145P), B-catenin (BD Bioscience), Ki67 (Novo
Castra), Shh (Santa Cruz H-160) and pSmad1/5/8 (Cell Signaling) (Ahn et
al., 2001). Secondary antibodies were conjugated to Alexa Fluor 488 or 546
IgGs (Molecular Probes/Invitrogen). X-gal staining was performed as
described previously (Haraguchi et al., 2007).

In situ hybridization for gene expression analysis

In situ hybridization analysis was performed on 8-ym paraffin sections of
embryonic back skin (Suzuki et al., 2008) with probes for Bmp2, Shh, Lef1,
Dikl, Msx2 and Pdgfra (kindly provided by B. L. Hogan, C. Shukunami,
H. Clevers, U. Riither, Y. Liu and P. Soriano, respectively), Ptchl (Goodrich
etal,, 1996), Bmp4 (Jones et al., 1991) and noggin (McMahon et al., 1998).
The Wntl0b probe was generated by PCR using the following primers (F,
5'-GCG GGT CTC CTG TTC TTG GC-3'; R, 5'-AGA GGC GGC TGG
TCT TGT TG-3").

Promoter assay with luciferase reporter activity

Bmp2 and Bmp4 promoter reporter constructs contain murine gene fragments
of 1725 bp (—410to +1315) and 1828 bp (~1402 to +426), respectively, in the
reporter gene plasmid pGL3 basic (Invitrogen); numbers are relative to the
transcriptional start site. HaCaT cells were plated into 24-well plates at 2 X 10°
cells per well in DMEM/10% FBS 24 hours prior to transfection. The reporter
plasmids were co-transfected with a control vector or with pcDNA3.1-His-
mouse Gli2-deIN2 (N-terminally truncated Gli2 as a strong activator for
hedgehog signaling) (Sasaki et al., 1999), using the TransFast Transfection
Reagent (Promega), and luciferase activity was measured using a Dual
Luciferase Assay Kit (Promega) (Nishida et al., 2008).

RESULTS AND DISCUSSION

Augmented B-catenin switches embryonic
epidermal keratinocytes to the HF fate

To examine whether embryonic HF fate is determined through
signaling pathways regulated by B-catenin, conditional epidermal
modulation of B-catenin signaling was employed. Keratin 5-Cre
(K5-Cre)-mediated recombination and the expression kinetics of the
constitutively active B-catenin in the developing skin epidermis are
shown in Fig. S1 in the supplementary material.

K5-Cre Catnb®©%* mutant mice displayed scaly skin with pillar-
shaped comedo-like white spots in the embryonic epidermis (Fig. 1B).
Histological analyses of the mutant embryos demonstrated a
thickened epidermis without the granular layers at E18.5 (Fig. 1C,D;
the kinetics of the morphological alterations are shown in Fig. S2 in
the supplementary material). In addition, the mutant skin also showed
abnormal epidermal differentiation and denser cell layers in the upper
dermis (Fig. 1D). Interestingly, the mutant epidermis showed
follicular keratinization with morphological trichilemma-type
structures (see Fig. S3 in the supplementary material). To determine
the degree of such structural changes, we analyzed the expression of
terminal differentiation markers [K1 (Krtl — Mouse Genome
Informatics) and loricrin] and hair shaft keratins that are specifically
recognized by the AE13 antibody (Lynch et al., 1986). Expression of
K1 and loricrin was dramatically reduced in K 5-Cre Catnb©3)%* gkin
at E18.5 (Fig. 1E-H). By contrast, hair shaft keratins were expressed
broadly and strongly in the K5-Cre Catnb®¥%* mutant epidermis at
E18.5, suggesting that augmented B-catenin signaling induces HF-like
differentiation (Fig. 1E-J; the expression kinetics are shown in Fig, S4
in the supplementary material).

Embryonic HF morphogenesis is governed by epithelial-
mesenchymal interactions between keratinocytes in the hair placode
and fibroblasts in the mesenchymal condensate (Hardy, 1992; Oro
and Scott, 1998; Sengel, 1976). Signals from the hair placode
induced the underlying mesenchymal cells to condense (dermal
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condensate; Fig. 1K; arrowheads). K5-Cre Catnb®3)%* mutant skin
showed such dermal condensates throughout the upper dermis at
E16.5 (Fig. 1L, the kinetics of these morphological changes are
shown in Fig. S2 in the supplementary material). To further analyze
the basis of the excessive induction of HFs, the expression of hair
placode markers (Bmps and Sk/) and dermal condensate markers
[noggin, patched 1 (Ptchl) and Pdgfra] was examined. Bmp2 and
Bmp4 are expressed in the hair placode and in the underlying
mesenchymal condensate, respectively, in control skin (Fig. 1M,0).
Bmp2 expression was increased broadly in the mutant epidermis at
E16.5 (Fig. IN). Bmp4 expression was localized ectopically in the
mutant epidermis at E15.0 with expanded expression in later stages
(Fig. 1P; data not shown). To investigate the extent of Bmp
signaling, the pSMAD levels were analyzed and were significantly
increased in the mutant epidermis and in the underlying
mesenchyme compared with the control at E16.5 (Fig. 1Q,R; see
also Fig. S5 in the supplementary material). Shh expression was also
broadly detected in the mutant epidermis at E18.5 (Fig. 1T). The
induced expression of Bmp2, Bmp4, pSMAD, Shh and Wntl0b
(another early placode marker) was already observed at E11.5 (see
Figs S5, S6 in the supplementary material). Dermal condensate
markers were expressed throughout the upper dermis in K5-Cre
Catnb® ¥ mutant mice at E16.5 (Fig. 1U-Z). These results suggest
that augmented B-catenin signaling induces the excessive HF
induction and HF-like differentiation, leading to an HF fate.

Suppression of HF-like differentiation by the
conditional mutation of K5-Cre
catnb(eXB)flh-Bmpr'Aﬂlﬂ

To investigate the potential effect of the increased Bmp signaling in
KS5-Cre Catnb®3¥* mutant mice, a conditional double mutant (K5-
Cre Catnb® " BmprIA™) was examined. BmprlA (Bmprla —

K5-Cre Catnb="+BmpriA

pm—

Fig. 2. The loss of Bmp
signaling in the epidermis
restores the K5-Cre
Catnb®3*+ mutant HF-like
differentiation.

(A-C) Histological analysis of
control, K5-Cre Catnb®3¥+ and
double mutant skin at E18.5.
(D-L) The restoration of loricrin
(green) and K1 (red) expression,
and the suppression of expression
of hair shaft keratins recognized
by AE13 antibody (red), in double
mutant skin at E18.5. (M-R) In
situ hybridization for Msx2 and
Lef1 expression at E16.5.

(S-U) Upon induction, expression
of hair placode marker gene
Bmp2 remained in the K5-Cre
Catnb®3% gmpriAf mutant
epidermis. Dashed lines indicate
the dermal-epithelial border. Scale
bars: 50 um for A-L; 100 um for
M-U.

Mouse Genome Informatics) is a type I Bmp receptor and its
signaling is essential for hair shaft differentiation (Yuhki et al.,
2004). The HF-like epidermal differentiation observed in K5-Cre
Catnb®31* mutant mice was suppressed by introduction of the
double mutation at E18.5 (Fig. 2A-L). Loricrin and K1 expression
were restored (Fig. 2E,F,H,I). In addition, the augmented AE13
epitope reactivity observed in K5-Cre Catnb®»¥* mytants was
suppressed in the double mutants, confirming the dramatic
suppression of HF-like differentiation (Fig. 2K,L). Msx2 is one of
the downstream target genes of Bmp signaling and regulates the
expression of Foxnl, which controls the transcription of hair keratin
genes (Ma et al., 2003; Meier et al., 1999). The expression of Msx2
was dramatically upregulated in K5-Cre Catnb®%* mutant
epidermis, whereas its expression suppressed in the double mutants
at E16.5 (Fig. 2N,0). The Wnt/B-catenin pathway transcriptional
effector Lefl regulates differentiation of the hair shaft (Merrill et al.,
2001). Its increased expression was maintained in the double mutant
epidermis at E16.5 (Fig. 2Q,R). We also found that the region with
the induced hair placode marker gene expression, which includes
that of Bmp2, remained in the K5-Cre Catnb®©)¥*BmprIAM
mutant epidermis (Fig. 2T,U; data not shown). These results indicate
that the pathway in which B-catenin is relayed by Bmp signaling
plays a principal role in inducing HF-like differentiation, but not in
the excessive induction of HFs (Fig. 4H).

Suppression of excessive HF induction by the
conditional mutation of K5-Cre Catnb©3)fl+ghhfl-
One of the prominent phenotypes caused by augmented B-catenin is
aberrant HF patterning, the excessive hair placode induction with
the underlying dermal condensate (Fig. 1) (Narhi et al., 2008; Zhang
et al., 2008). The excessive induction of HFs was not suppressed in
K5-Cre Cantb® ¥ BmprIAM mutant skin (Fig. 2T,U).
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Fig. 3. The involvement of Shh signaling as a crucial downstream
effector of B-catenin signaling for the excessive HF induction.
(A,B) Suppression of excessive HF induction in the double conditional
mutant K5-Cre Catnb®3W+shhf- at E16.5. (C-J) Suppression of
induced Bmp2, Wnt10b and Dkk1 expression, and of AE13 antibody
staining (red), in the double mutant skin at E16.5. (K,L) Cell
proliferation analysis using Ki67 antibody at E18.5. Cell proliferation is
increased in K5-Cre Catnb®3% mutant (K) and is suppressed in K5-Cre
Cantb®3M*Shhfl- double mutant (L) epidermis. Dashed lines indicate
the dermal-epithelial border. Scale bars: 50 um for A-L.

Shh controls cell proliferation and formation of the dermal
papilla (Fuchs, 2007; Millar, 2002; Schmidt-Ullrich and Paus,
2005). Its overexpression leads to the induction of dermal
condensate during feather formation (Ting-Berreth and Chuong,
1996) and its inhibition impairs dermal papilla formation (Nanba
et al., 2003). Shh has been suggested to be regulated by the B-
catenin signaling pathway (Huelsken et al., 2001; Zhang et al.,
2008). Indeed, expression of Shi was increased in the skin of K5-
Cre Cantb® ¥ mjce (Fig. 1T). To elucidate whether the
excessive induction of HFs is mediated by the Shh signaling
pathway associated with augmented B-catenin signaling, we
analyzed K5-Cre Cantb® " Shh~ double mutant skin. Shh
signaling was indeed decreased in K5-Cre Cantb@)1*Shh skin
based on reduced Ptchl expression at E14.5 (see Fig. S7 in the
supplementary material). The number of hair placodes was
increased in the K5-Cre Catnb®3* epidermis, spreading from
the early-induced hair placodes (Fig. S2 in the supplementary
material; data not shown). The excessive induction of HFs was
suppressed in the double mutant skin based on reduced hair

placode marker gene expression (Bmp2 and Wntl0b) and reduced
DFkkI expression at E16.5 (Fig. 3A-H). The expression of DkkJ is
elevated in the dermis at sites of placode development in normal
embryos (Andl et al., 2002). Dkk! expression was strongly
induced in the K5-Cre Catnb®3)¥* dermis, but its expression was
significantly decreased in K5-Cre Cantb®)V*Shh~ skin
throughout the upper dermis at E16.5 (Fig. 3H). The increased
expression of dermal condensate markers (noggin and Pdgfra)
was also suppressed in K5-Cre Cantb®3)"*ShhV~ skin (data not
shown). Furthermore, the induction of HF-like differentiation was
suppressed in the K5-Cre Cantb®)¥*Shh¥~ mutant based on the
reduced immunostaining observed for AE13 at E16.5 (Fig. 31J).
We also observed decreased epidermal cell proliferation in K5-
Cre Cantb@*Shh~ mutants compared with K5-Cre
Catnb®3%* mice at E18.5 (Fig. 3K,L). These results suggested
that Shh signaling is a crucial downstream pathway of B-catenin
signaling for the excessive induction of HFs with increased cell
proliferation (Fig. 4H).

Wnt/B-catenin signaling may also be one of the genetic
upstream pathways of Bmp during embryonic HF development
(Huelsken et al., 2001; Narhi et al., 2008). The intensity of
pSMAD staining in K5-Cre Cantb®)V* mutant skin was
suppressed in both the epidermis and the mesenchyme of K5-Cre
Cantb®»1*Shh~ mutant skin at E16.5 (Fig. 4C, brackets). As
for the regulatory mechanisms controlling Bmp expression, we
found several candidate Lef/Tcf-binding sites in the 1.8-kb Bmp4
promoter and several GLI-binding sites in the 1.7-kb Bmp2
promoter using rVISTA bioinformatics analysis (Fig. 4D, yellow
boxes; data not shown). Transient promoter assays showed that
the Bmp4 promoter was not regulated through stabilized B-catenin
signaling under the current experimental conditions (data not
shown), but revealed an increase of Bmp2 promoter activity
caused by Gli2 in vitro (Fig. 4D). In fact, the current double
mutant analyses on K5-Cre Catnb®*)¥*Shhf"~ skin showed
suppression of the increased Bmp2 expression, suggesting that the
regulation of Bmp signaling through Shh signaling is an essential
molecular mechanism for the HF fate change (Fig. 3C,D).
Increased Bmp2 expression, the intensity of pPSMAD staining and
AE13 immunostaining remained in early-induced HFs of the K5-
Cre Catb®3"*Shh"~ epidermis (Fig. 3; Fig. 4C, outside of the
brackets). It has been shown that Shh signaling is not required for
the initiation of HF formation and that HF differentiation is not
inhibited in Shh mutant skin (Chiang et al., 1999; St-Jacques et
al., 1998). Our current study indicates that Shh signaling is
required for the expansion of hair follicle fate by augmented B-
catenin signaling, although it is not required for either the initial
specification of hair placodes or the differentiation of early-
induced HFs.

The regulation of HF space has been considered to be
controlled by diffusible molecules that either promote or repress
follicular fate (Jiang et al., 2004; Mikkola and Millar, 2006;
Millar, 2002). Previously, it was shown that Shh is one of the
placode activators, while Bmps are generally regarded as being
placode inhibitors that mediate lateral inhibition, which is known
as the reaction-diffusion mechanism (Jung et al., 1998). Studies
on chick embryonic skin suggested that Shh induces the
expression of Bmps, whereas Bmps suppress Shk expression
during feather development (Harris et al., 2005; Jung et al., 1998).
We further analyzed the expression of Shh protein in K5-Cre
Cantb®3*BmprIAM skin. Interestingly, Shh protein expression
was  both increased and expanded in  KS5-Cre
Cantb®)*BmprIA" mutant epidermis at E16.5 (Fig. 4E-G).
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Fig. 4. A possible regulatory mechanism between Shh and Bmp signaling that underlies Wnt/B-catenin signaling pathway. (A-C) The
intensity of pSMAD staining in K5-Cre Cantb®3¥* is suppressed both in the epidermis and the mesenchyme of K5-Cre Cantb®3+Shhf- skin at
E16.5 (C, brackets). Such intense pSMAD staining remains in early-induced HFs (outside of the brackets). (D) Activation of the Bmp2 promoter
(Bmp2 p-Luc) by introducing the activated Gli2 expression vector; the activation is diminished by deleting the two putative GLI-binding sites (yellow
boxes; del Bmp2 p-Luc). (E-G) Shh protein expression is increased and expanded in K5-Cre Cantb®**Bmprl A mutant epidermis at E16.5.

(H) Schematic of the growth factor network regulating HF fate change. Scale bars: 50 um for A-C,E-G.

Taken together, the current results are in agreement with the
reaction-diffusion mechanism, via the cross-talk between the
activator (Shh signaling) and the inhibitor (Bmp signaling)
implicated in the periodic patterning of HFs (Fig. 4H) (Jiang et
al., 2004; Jung et al., 1998).
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