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The significance of Hedgehog (HH) signaling in the
development of basal cell carcinoma (BCC) has been
established. Although several target genes of HH sig-
naling have been described previously, their precise
role in tumorigenesis and cell proliferation is not yet
known. To identify genes responsible for tumor for-
mation in BCC, we screened a DNA microarray data-
base of human BCC cases; the orphan G-protein-cou-
pled receptor GPR49 was found to be up-regulated in
all cases. GPR49 is a novel gene reported to be a
marker of follicular and other tissue stem cells. Using
real-time quantitative RT-PCR analysis, significant ex-
pression of GPR49 mRNA was observed in 19 of 20
BCC cases (95%) compared with controls. Up-regula-
tion of GPR49 was confirmed by in situ hybridization.
Moreover, knockdown of mouse Gpr49 showed sup-
pression of cell proliferation in a mouse BCC cell line,
and overexpression of GPR49 in human immortalized
keratinocyte HaCaT cells induced proliferation. Fur-
thermore, HaCaT cells overexpressing GPR49 showed
tumor formation when transplanted into immunode-
ficient mice. In addition, inhibition of the HH signal-
ing pathway in a mouse BCC cell line down-regulated
endogenous Gpr49, whereas activation of HH signal-
ing in mouse NIH3T3 cells up-regulated endogenous
GPR49. These results suggest that GPR49 is expressed
downstream of HH signaling and promotes cell pro-
liferation and tumor formation in cases of BCC. (4m
J Pathol 2008, 173:835—-843; DOI: 10.2353/ajpath.2008.071091)

Basal cell carcinoma (BCC) is a common malignant tu-
mor of the skin. Histopathologically, they usually arise

from the lowermost layers of the epidermis and comprise
various histological subtypes. Interestingly, BCC cells
have many features in common with follicular epithelium.”

Recent studies have shown that BCC frequently has
abnormalities of the Hedgehog (HH) signaling pathway.
HH signaling plays a key role in vertebrate development
as it is involved in multiple biological processes such as
cell differentiation, proliferation, and growth.? Also, sev-
eral genes overexpressed in BCC have been reported to
be related to HH signaling.® However, the genes ex-
pressed as a target of HH signaling and their functions in
tumorigenesis are still not precisely understood. Further
understanding of the molecules expressed in BCC and
their relation between HH signaling is therefore required.

G-Protein-coupled receptor GPR49, also known as
LGR5/HG38/FEX, belongs to the leucine-rich repeat con-
taining G-protein-coupled receptors (LGRs) structurally
similar to glycoprotein hormone receptors including thy-
roid-stimulating hormone receptor, follicle-stimulating
hormone receptor, and luteinizing hormone receptor.*
LGRs are grossly divided into three subgroups: glycop-
rotein hormone receptors; the subgroup of GPR48,
GPR49, and LGR6; and the receptors of relaxin family
ligands represented by LGR7 and LGR8.** Unlike LGRs
in the other two subgroups, the ligands of GPR48,
GPR49, and LGR6 have not been identified. A recent
report showed that GPR49 null mice exhibited neonatal
lethality characterized by ankyloglossia and gastrointes-
tinal distension.® Interestingly, a recent report showed
that GPR49 is expressed on stem cells in the small intes-
tine and colon, and has also been suggested that stem
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Table 1. Primer Sequences for Quantitative RT-PCR
Gene Primer orientation Sequence

Human GAPDH Forward 5'-CCAGCCGAGCCACATCGCTC-3'
Reverse 5'-ATGAGCCCCAGCCTTCTCCAT-3’

Human GPR49 Forward 5'-GAGGATCTGGTGAGCCTGAGAA-3’
Reverse 5'-CATAAGTGATGCTGGAGCTGGTAA-3'

Human GLI1 Forward 5'-GAAGACCTCTCCAGCTTGGA-3'
Reverse 5'-GGCTGACAGTATAGGCAGAG-3’

Human GLI2 Forward 5'-TGGCCGCTTCAGATGACAGATGTTG-3’
Reverse 5'-CGTTAGCCGAATGTCAGCCGTGAAG-3'

Mouse Gapdh Forward 5'-TGCACCACCAACTGCTTAG-3'
Reverse 5'-GGATGCAGGGATGATGTTT-3’

Mouse Gpr49 Forward 5'-GAGTCAACCCAAGCCTTAGTATCC-3’
Reverse 5'-CATGGGACAAATGCAACTGAAG-3’

Mouse Glit Forward 5'-CATTCCACAGGACAGCTCAA-3'
Reverse 5'-TGGCAGGGCTCTGACTAACT-3’

Mouse Ptch1 Forward 5'-CAAACTTTGACCCCTTGGAA-3'
Reverse 5'-AAAACAAGGGGCACATCAAG-3’

cells in the hair follicle are GPR49-positive.” Thus, GPR49
may play a significant role in the biology of stem cells.
Although the function of GPR49 in cancer is poorly un-
derstood, overexpression of GPR49 has been reported in
some studies.®® In particular, it is overexpressed in some
hepatocellular carcinoma with B-catenin mutation and is
thought to be a target of Wnt-g catenin signaling.®

Here we report that GPR49 is markedly up-regulated in
almost all cases of BCC under the control of HH signal-
ing, and that it plays an important role in cell proliferation
and tumor formation.

Materials and Methods

Samples

Tumor samples were collected from patients at Keio Uni-
versity Hospital and other affiliated hospitals. Tumor and
normal skin were snap-frozen after surgical removal and
stored at —80°C until use. We also used paraffin-embed-
ded sections of skin tumors. The experiment was ap-
proved by the ethics committee of Keio University School
of Medicine and all samples were taken after written
informed consent was obtained from the patients.

GeneChip Database and Gene Expression
Analysis

The GeneChip was analyzed with the GeneExpress soft-
ware system (Gene Logic Inc., Gaithersburg, MD). This
database contains gene expression signatures from about
10,000 clinical samples from a variety of normal and dis-
ease conditions on the Affymetrix HG-U133 GeneChip.
DNA microarray analysis was independently per-
formed in our laboratory with the Gene Spring Gx soft-
ware system (Tomy Digital Biotechnology, Tokyo, Japan)
containing gene expression signatures from four BCC
and four normal skin samples on the Agilent whole human
Genome oligo DNA MicroArray 4x44k (Agilene Technol-
ogies, Santa Clara, CA). For microarray hybridization, we
followed the manufacturer’s protocol. Difference in gene

expression was quantified as the fold change in gene
expression between sets of BCC-derived and normal skin
tissues. Genes were considered as being differentially
expressed at a significance of P < 0.01. We then listed
the genes expressed more than six fold in BCC and
hypothetical genes were eliminated.

Quantitative Real Time Polymerase Chain
Reaction

Total RNA were isolated from tissues and cell lines with
RNeasy Mini Kit including DNAase treatment (Quiagen
KK, Tokyo, Japan). cDNA was synthesized with a First-
Strand cDNA Synthesis Kit (GE Health care, Piscat-
away, NJ). Quantitative real time PCR (QRT-PCR) anal-
ysis was performed on an ABI7700 using SYBR Green
PCR Core Reagents (Applied Biosystems, Warrington,
UK). Primer sequences for QRT-PCR studies are shown
in Table 1. Human and mouse GAPDH was used as a
reference. Fold-induction values were calculated using the
27 A2Ct method. All experiments were performed in triplicate
and were repeated at least five times in separate experi-
ments; representative data are shown.

In Situ Hybridization

Digoxigenin-labeled GPR49 sense and antisense probes
were generated from the 120-bp fragment of GPR49 (cor-
responding to nucleotides 2548 to 2667, GenBank
NM_003667). The protocol for in situ hybridization is de-
scribed elsewhere.’® Briefly, de-paraffinized sections
were treated with thermolysin 4 mg/ml and proteinase K
10 pg/ml, and hybridized with sense and anti-sense
probes. After hybridization, the slides were washed and
treated with RnaseA for 30 minutes and washed with NTE
buffer (0.56M NaCl, 1 mmol/L EDTA, 10 mmol/L Tris-HCI
pH 8.0) at 37°C. The sections were then washed and
rinsed with NT buffer (150 mmol/L NaCl, 100 mmol/L
Tris-HCI pH 7.5). Nonspecific staining was blocked with
5% normal goat serum and incubated with anti-digoxige-
nin-alkaline phosphatase (Roche Diagnostics, Basel,



Switzerland) diluted 1:250 in NT buffer, followed by wash-
ing. Sections were visualized by BCIP/NBT liquid sub-
strate (0.15 mg/ml 5-bromo-4-chloro-3-indolyl phosphate
solution salt, 0.3 mg/ml Nitrotetrazolium Blue Chrolide, 1
mmol/L MgCl,, 100 mmol/L Tris pH 9.5).

Cell Culture and Reagents

Human immortalized keratinocyte HaCaT cells were a gift
from Dr. Norbert Fusenig (German Cancer Research
Center, Heidelberg, Germany). NIH3T3 cells and HaCaT
cells were maintained as described elsewhere.'' The
mouse BCC cell line ASZ001 was kindly provided by Dr.
Ervin Epstein (Department of Dermatology, University of
Callifornia, San Francisco, CA) and Dr. Matthew P. Scott
(Department of Developmental Biology, Howard
Hughes Medical Institute, Stanford University School of
Medicine). It was maintained as reported previously.'?
Cyclopamine (Biomol Int., Philadelphia, PA) was dis-
solved in 0.19% ethanol and added to ASZ001 culture
at a concentration of 2 or 10 wmol/L. Purmorphamine
(Calbiochem, San Diego, CA) was dissolved in di-
methyl sulfoxide (Sigma-Aldrich, St. Louis, MO) and
added to NIH3T3 culture at a concentration of 2
pwmol/L. As a control, the same amount of 0.19% etha-
nol and dimethyl sulfoxide was added.

Plasmids and Transfection

Mouse Gli1 expression vector, Gli-consensus reporter
gene (8x3'GBS-luc) and its mutant reporter gene
(8X3'mutGBS-luc) were gifts from H. Sasaki (Riken,
Kobe, Japan).'® Human GPR49 expression vector was
constructed by inserting human GPR49 full coding
cDNA (RZPD, Berlin, Germany) to pcDNAS (Invitrogen,
Carlsbad, CA). Transfection was performed using Fu-
gene6 (Roche Diagnostics, Basel, Switzerland). Ex-
pression vector-transfected cells were treated with
G418 (Invitrogen) and resistant colonies were col-
lected without cloning.

RNA Interference

RNA interference was performed using shRNA.' Briefly,
64- nucleotide hairpin-loop sequences (containing the 21-
nucleotide shRNA targeted sequence) were generated
(Sigma, Tokyo, Japan). GPR49 shRNA targeted sequences
were as follows. GPR49-585: 5'-GAACAAAAUACACCA-
CAUA-3', GPR49-662: 5'-GAAUCCACUCCCUGGGAAA-
3'. As a control, we used a random 21-nucleotide sequence
that does not target any known genes (B-Bridge Interna-
tional Inc, Mountain View, CA) to exclude a non-specific
effect of the hairpins. These genes were subsequently in-
serted upstream of the H1RNA polymerase Il promoter in a
pENTR221-H1R-stuffer vector. The pENTR221 rfA cassette
“expressing shRNA under the control of the human H1
promoter” was changed to the pDEST-SI-CMSCVpuro vec-
tor (CMV-based vector) using the GATEWAY system (In-
vitrogen) for transient transfection. pENTR221-H1R-stuffer
vector and pDEST-SI-CMSCVpuro vector were provided by
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Dr. T. Kiyono (National Cancer Center, Tokyo, Japan).
Transfected cells were treated with puromycin (Invitrogen)
for 2 weeks. Puromycin-resistant colonies were collected by
trypsinization and used without cloning.

Cell Proliferation Assay

Antibiotic-resistant cells were seeded in 6-well plates at
5 X 10* cells/well and incubated as described above.
After seeding, cells were counted every 24 hours in a
Burker-Turk counting chamber (CIS, Japan). WST-1 as-
say (Roche Diagnostics) and BrdU incorporation assay
(Roche Diagnostics) were performed according to the
manufacturer's protocol. An apotosis detection assay
was performed using Annexin V-PE Apoptosis Detection Kit
1 (BD Pharmingen, San Diego, CA) and flow cytometry
according to the manufacturer’s protocol. All experiments
were performed in triplicate and repeated separately at
least five times, and representative data are shown.

Tumor Formation Assay

GPR49-overexpressed HaCaT cells and pcDNA3-trans-
fected HaCaT cells were transplanted into NOG mice
(NOD/Shi-scid/IL-2y—/— mouse) at 1 X 10 7 cells without
cloning. GPR49-overexpressed HaCaT cells were trans-
planted onto the right side of the back, and pcDNA3-
transfected HaCaT cells were transplanted onto the left
side. Tumor size was measured every week. Twenty-four
weeks after transplantation, transplanted sites with or
without tumor were resected and samples were used for
histological analysis and RNA extraction. Experiments
were performed in ten mice. We used mouse anti-human
Ki-67 antibody (Dako, Carpinteria, CA) for Immunohisto-
chemistry to estimate cell proliferation.

Statistical Analysis

Statistical analysis was performed using Statcel2 soft-
ware (OMS, Saitama, Japan). Statistically significant dif-
ferences were determined by Student’s t-test using P =
0.05 as the level of significance.

Results
Overexpression of GPR49 in BCC

Among the genes found to be expressed in BCC from
GeneChip analysis databases, GPR49 showed a signifi-
cant increase compared to normal skin (Supplementary
Figure S1, http://ajp.amjpathol.org). DNA microarray anal-
ysis in our samples also showed GPR49 expression to be
about 8.3-fold higher than normal skin (Supplementary
Table S1, http://ajp.amjpathol.org). Expression of GPR49
was confirmed by QRT-PCR using 20 cases of BCC
(Table 2) together with GLI1 and GLI2, which were re-
ported to be overexpressed in BCC? and to be transcrip-
tion factors involved in HH signaling. Of these 20 cases,
19 showed GPR49 expression levels more than three
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Table 2. Expression Level of GPR49, GLI1, GLI2 in BCC*

Case Pattern Lesion GPR49 GLI1 GLI2
Case 1 Nodular Face 85.3 574.7 72
Case 2 Nodular Face 78.8 664 9.5
Case 3 Nodular Face 105.8 229.99 6.9
Case 4 Nodular Face 234.7 726 70.8
Case 5 Nodular Face 799.9 753.3 19.5
Case 6 Superficial Trunk 10.6 63.54 2.3
Case 7 Nodular Face 718.5 927 17.8
Case 8 Nodular Face 815.6 641 12.4
Case 9 Superficial Face 132.7 514.9 9.3
Case 10 Superficial Trunk 1.2 5.6 0.1
Case 11 Nodular Face 86.5 161.97 3.2
Case 12 Superficial Trunk 53.3 410.3 15.6
Case 13 Superficial Trunk 316.8 2362.1 96.7
Case 14 Superficial Trunk 231.6 359.3 184.7
Case 15 Nodular Face 90.2 512 26.6
Case 16 Nodular Face 530.17 3983 141.6
Case 17 Nodular Face 281.9 2101.8 30.7
Case 18 Nodular Face 217.9 1364.4 25.9
Case 19 Nodular Face 3219.4 7417.3 168.6
Case 20 Superficial Trunk 1126.4 6880.3 147.27

*Each gene expression value represents the ratio of mMRNA in tumor to that in normal skin mRNA.

times higher than the control (Figure 1, A and B) with a
mean increase of about 450-fold). As we could not obtain
a specific antibody against GPR49 suitable for immuno-
histochemical analysis, we performed in situ hybridization
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Figure 1. Expression of GPR49 in BCC. A: QRT-PCR of GPR49. The mRNA
levels of GPR49 in 20 BCC, 8 other skin tumors, 6 normal skin in the vicinity
of BCC, and 2 normal skin samples from non-cancerous patients (NL) are
estimated by QRT-PCR. (Closed column: mRNA level in tumors. Open col-
umn: mRNA level in normal skin). In other types of skin tumors such as
Bowen’s disease, squamous cell carcinoma (SCC), sweat gland adenocarci-
noma (SGA), eccrine spiradenocarcinoma (ESA), and seborrheic keratosis
(SK), expression of GPR49 is negligible compared to BCC. B: The mean value
and SD of the mRNA levels of GPR49 in BCC, other skin tumors and normal
skin. About 450-fold higher levels of GPR49 are shown in BCC as compared
with normal skin.

to determine whether tumor cells express the gene. The
anti-sense signal level was higher compared to the sense
probe, and the signal expression site coincided with the
tumor nest in various histological subtypes (Figure 2). On
the other hand, expression by QRT-PCR was low in other
epidermal skin tumors (Figure 1, A and B). These results
suggest that the overexpression of GPR49 is a charac-
teristic feature of BCC.

Function of GPR49 in Cell Proliferation

To identify the function of GPR49, we first performed RNA
interference in BCC cell line. As no human BCC cell lines
are available, we extensively tried to establish human
BCC cell lines. However, we could neither obtain trans-
plantable BCC nor establish BCC cell lines. So we used
a mouse BCC cell line, ASZ001."® As expected, this cell
line expressed mouse Gpr49 and high HH signaling ac-
tivity. We constructed two sequences of shGPR49RNAI
vectors (sh585 and sh662) and transfected into ASZ001
cells, and puromycin-resistant cells were collected.
Knockdown experiments using sh585 and sh662 de-
creased GPR49 mRNA levels by 40% and 50%, respec-
tively, compared to controls (Figure 3A) and the knock-
down effect of sh585 and sh662 persisted up to day 5
after cell selection was completed. Cell growth was mark-
edly decreased by both shGPR49RNAI vectors in com-
parison with the control, and suppression of cell prolifer-
ation was dependent on the knock down effect (Figure
3A). Suppression of cell proliferation was also confirmed
in WST-1 and BrdU incorporation assays (data not
shown). To exclude any apoptotic effect and differentia-
tion effect of knocking down mouse Gpr49 gene, we
performed an apoptosis detection assay and analyzed
the expression level of involucrin and loricrin, both of
which are markers of keratinization. No significant differ-
ence was seen between control cells and mouse Gpr49
knockdown cells (data not shown).
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Figure 2. In situ hybridization of GPR49 in BCC. De-paraffinized sections
were hybridized with anti-sense (left) or sense (right) probes for GPR49. A:
Case 17. Low power view (scale bar = 1000 wm). Signal expression site
hybridized with anti-sense probe coincides with the tumor nest. B: High
magnification of case 17 (scale bar = 100 um). Signal of anti-sense probe
coincides with cytoplasm. C: Sclerosing type BCC (scale bar = 250 wm). D:
Micronodular type BCC (scale bar = 250 um).

In addition, the direct effect of GPR49 expression was
evaluated by transfecting human GPR49 expression vec-
tor into HaCaT cells. As we could not find or create a
specific antibody against GPR49 suitable for western
blotting, we performed studies using QRT-PCR. Expres-
sion of GPR49 in neomycin-resistant GPR49-transfected
cells (HaCaT-GPR49exp cells) was 300 times higher than
empty vector transfectants (HaCaT-vector cells), and
HaCaT-GPR49exp cells showed increased cell growth
(Figure 3B). Upregulation of cell proliferation was also
confirmed in WST-1 assay (data not shown). In the course
of cell culture, no apoptosis or cell differentiation was
observed (data not shown).

Function of GPR49 in Tumor Formation

To evaluate further the function of GPR49 in vivo, we
attempted to transplant shRNA-transfected ASZ001 cells
into NOG mice, but we could not establish a stable
mGpr49 knockdown ASZ001 cell culture, probably due to
a growth-suppressive effect of shRNA. Then we trans-
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Figure 3. Function of Gpr49 in cell proliferation. A: Knockdown effect of
shRNA against mGpr49 in ASZ001 cell proliferation. Left: Gene expression
level of mouse Gpr49in ASZ001 harboring short-hairpin RNAi against GPR49
was measured by QRT-PCR. ASZ001 cells were transfected with shRandom,
sh585 or sh662, and puromycine-resistant cells were collected for RNA
extraction and cell proliferation assay. Knockdown experiments using sh585
and sh662 decreased GPR49 mRNA levels by 40% and 50%, respectively,
compared to controls. Right: Cell counting. ASZ001 cells harboring shRNAi
were plated on 24-well dishes (5 X 10* cells/well). Trypsinized cells were
counted every 24 hours for 4 consecutive days. When the expression level of
mouse Gpr49 was knocked down, cell proliferation was down-regulated in
comparison with the shRandom (sh585 and sh662 to shRandom: P < 0.01 at
day 3 and day 4). Also, down-regulation of cell proliferation was dependent
on the knock down effect. B: The effect of overexpressing of GPR49 on cell
proliferation. Left: HaCaT cells were transfected with hGPR49 expression
vector, and G-418-resistant colonies were collected for RNA extraction and
cell proliferation assay. The gene expression level of Gpr49 was measured by
QRT-PCR. HaCaT cells harboring GPR49- expression vector showed expres-
sion of GPR49, about 300 times higher than cells transfected with empty
vector. Right: Cell counting. HaCaT cells harboring hGPR49 expression or
empty vector were plated on 24-well dishes (5 X 107 cells/well). Trypsinized
cells were counted every 24 hours for 3 consecutive days. When hGPR49 is
overexpressed in HaCaT cells, upregulation of cell proliferation was ob-
served in comparison with cells transfected with empty vector. **P < 0.01,
bars = SD.

planted HaCaT-GPR49exp cells into NOG mice. HaCaT
cells are immortal in vitro, but they are also nontumori-
genic and reform an orderly structured and differentiated
epidermal tissue when transplanted into nude mice.’® So
we thought its normal keratinocyte-like feature of HaCaT
cells would be useful to evaluate whether overexpression
of GPR49 in this cell line promotes tumorigenicity. As
expected, tumor formation was observed about 10 weeks
after transplantation. HaCaT-vector cells also showed a
cystic mass formation in three of ten mice but it did not
become larger. On the other hand, HaCaT-GPR49exp
cells showed tumor formation and enlargement in all mice
(Figure 4A and B). Overexpression of GPR49 in the tumor
of HaCaT-GPR49exp cells was confirmed to be as much
as 200 times higher than HaCaT-vector cells or nodules
derived from HaCaT-vector cells (Figure 4C). In histolog-
ical examination, nodules of empty vector transfected
cells showed a small cystic structure containing keratin-
izing material and calcification. The cyst wall was com-
posed of a thin and uniform epithelial structure (Figure
4D). On the other hand, the solid tumor made from Ha-
CaT-GPR49exp cells displayed dyskeratosis, cancer
pearls with a high tendency toward proliferation and in-
terstitial invasion. Cell proliferation of the tumor made



840 Tanese et al
AJP September 2008, Vol. 173, No. 3

A 10 Weeks

22 Weeks

B Cc
25 i
*Vector
T 2 *hGPR49 _
§ w0
e K]
g 15 <
s
€ & 200
o €
a 1 c
s 2
g E 100
2 05 =
0 o

Vector hGPR48 Vector hGPR49
L ' L y

Figure 4. hGPR49-overexpressed HaCaT cells
showed tumor formation in NOG mice. A: Tu-
mor formation at 10 weeks (left panel) and 22
weeks (right panel). HaCaT cells overexpressing
hGPR49 (1 X 107 cells) were transplanted sub-
cutaneously on the back of NOG mice on the
right side. Cells with empty vector were also
transplanted onto the back of the same mouse
on the left side. Cells with hGPR49 formed tu-
mors (closed arrows) in all ten mice, while only
a nodule (open arrowheads) was formed in
three mice with cells harboring empty vector. B:
Measurement of tumor size. The diameters of
tumors were measured every other week after
transplantation. Apparent tumor formation was
observed 10 weeks after transplantation. All ten
tumors derived from GPR49-overexpressed cells
continued to grow until 24 weeks, while three
nodules derived from cells with empty vector
did not show enlargement. C: Gene expression
level of GPR49 in innoculated cells and in
formed tumors was measured by QRT-PCR. Tu-
mors derived from GPR49-overexpressed Ha-
CaT cells showed high levels of hGPR49, about
200 times higher than the nodule with empty
vector (bars = SD). D: Histological examination.

®hGPR49

from HaCaT-GPR49exp cells was examined by Ki-67
immunohistochemical staining, and HaCaT-GPR49exp
cells showed significantly increased expression of Ki-67
(Figure 4D). These findings indicate that GPR49 pro-
motes cell proliferation and tumor formation.

Relation between GPR49 and HH Signaling

Using 20 cases of BCC, expression of GPR49, GLI1 and
GLI2 was confirmed by QRT-PCR as listed in Table 2. So
we analyzed the correlation between the expression level
of GPR49 and GLI1, GLI2 to evaluate the relation be-
tween HH signaling and GPR49. Statistical analysis using
Pearson’s coefficient was calculated for all combinations.
A high correlation was seen between the expression
levels of GPR49 and GLI1 at r = 0.802. Also, a mild
correlation was observed between GPR49 and GLI2 (r =
0.539), GLI1 and GLI2 (r = 0.707) (Table 3). As HH
signaling is activated in BCC, we speculated here that
expression of GPR49 is highly related to HH signaling.

Cell

Tumor Tumors derived from GPR49-overexpressed Ha-
CaT cells showed aberrant proliferation and in-
vasion. Keratinization was observed in some
tumor nests and had features resembling squa-
mous cell carcinoma (upper panels). The nod-
ule derived from HaCaT cells with empty vector
showed a cystic structure with keratinization
and calcification (lower panels). Left panels: low
magnification (scale bar = 1000 wm), Middle
panels: high magnification (scale bar = 200
mm). Right panels: immunohistochemical stain-
ing of Ki-67. Significantly increased expression
of Ki-67 coincident with nucleus is observed in
tumors derived from GPR49-overexpressed
HaCaT cells (scale bar = 200 um).

To further evaluate the relation between HH signaling
and GPR49, we performed an in vitro assay using cell
lines. Activation and suppression of HH signaling was
confirmed by the reporter constructs of HH signaling.'®
Luciferase activity of 8xX3'GBS-luc is much higher than
8Xx3'mutGBS-luc in the condition of activated HH signal-
ing. (Supplementary Figure S1, http://ajp.amjpathol.org).
We treated ASZ001 with cyclopamine, a known inhibitor
of HH signaling. Down-regulation of mouse Gpr49 ex-
pression was observed together with down-regulation of

Table 3. Pearson Coefficient Analysis of Each Gene
Expressed in BCC**
GPR49 GLI1 GLI2
GPR49 0.804424 0.539395
GLI1 0.804424 0.707205
GLI2 0.539395 0.707205

**Pearson correlation coefficient (two-tailed) was calculated pairwise
using Statcel2 software for all combinations. (P < 0.01).
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Figure 5. HH signaling regulates Gpr49 expression. A: Time course of mRNA
expression of endogenous mGpr49 and mGlil in ASZ001 cells treated with cyclo-
pamine. Cells were treated with 10 umol/L of cyclopamine, and expression of
mGpr49 (left) and mGlil (right) mRNA was measured by QRT-PCR at the times
shown in the figure. The fold decrease of mRNA levels in cyclopamine-treated to
non-treated cells at each sampling time was normalized setting the baseline value at
1. The figure is one of the five repeated experiments. Suppression of mGpr49 and
mGlil expression was dependent on the time course. The expression level of
mGpr49 was persistently decreased by 20% of initial time in 48 hours after treatment.
Statistical analysis using Pearson’s coefficient was calculated for each time’s combi-
nation and a high correlation was seen between the expression levels of mGpr49
and mGlil at » = 0.985 (P < 0.01). B: Dose dependency of mRNA expression of
mGpr49 and mGlil on the concentration of cyclopamine. ASZ001 cells were treated
with 0, 2, and 10 umol/L of cyclopamine, and expression of mGpr49 (left) and
mGlil (right) was measured by QRT-PCR 48 hours after treatment. Values are shown
as a ratio relative to cyclopamine 0 wmol/L. Suppression of mRNA levels of mGpr49
and mGlil was dependent on the concentration of cyclopamine. C: Time course of
mRNA expression of mGpr49 and mPtch1 in NIH3T3 cells treated with purmorpha-
mine. Cells were treated with 2 umol/L of purmorphamine for the time indicated in
the figure. Ptchl is a well-known target of HH signaling. Upregulation of mGpr49
(left) expression was dependent on the time course, as with mPtch1 (right). Statistical
analysis using Pearson’s coefficient was calculated for each time’s combination and
a high correlation was seen between the expression levels of mGpr49 and mPtch1l
at r = 0945 (P < 0.0D. D: After transfection of mouse Glil-expression vector to
NIH3T3. mRNA levels of mGpr49 and mPtch1 were assayed at the time indicated in
the figure. The ratios of mRNA level of mGlil-transfected to vector-transfected cells
were estimated, and the values are shown as the ratio to the value at 0 hours. When
Glil is expressed in NIH3T3 cells, the gene expression level of mGpr49 and mPtch1
were elevated.

mouse Gli1, a target of HH signaling,® and this down-
regulation was dependant on the time after treatment and
the concentration of cyclopamine (Figure 5A and B).
Next, to see whether GPR49 expression is up-regulated
by HH signaling, we treated mouse embryonic fibroblast
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NIH3T3 cells, which are known to respond to HH signal-
ing, with the HH agonist purmorphamine. The expression
of mouse Gpr49 was increased together with mouse
Ptch1, another target of HH signaling, in a time-depen-
dent manner (Figure 5C). Up-regulation of mouse GPR49
was also confirmed when we transfected mouse Gli1
expression vector'® to NIH3T3 (Figure 5D). These find-
ings indicate that GPR49 is regulated by HH signaling.

Discussion

Our studies demonstrated that GPR49 is specifically
overexpressed in BCC and plays a significant role in
tumor formation and cell proliferation.

DNA microarray analysis in our samples showed
GPR49 expression to be about 8.3-fold higher than nor-
mal skin. This result is reliable because our data includes
almost all genes reported to be overexpressed in
BCC.2'"'® |n QRT-PCR study, GPR49 was markedly
overexpressed in 19 of 20 BCC samples of nodular and
superficial types in comparison with normal tissue sam-
ples. On the other hand, other types of malignant epider-
mal tumors did not show significant upregulation of
GPR49. Together with the result of in situ hybridization,
our study suggests that the overexpression of GPR49 is a
characteristic feature of BCC. Several reports show that
BCC is a tumor of hair follicle origin. In particular, follicular
bulge stem cells and their progeny with high self-renewal
capacity are suggested to play the role in BCC forma-
tion.'® In support of this idea, the expression of keratin
6a, a marker of the follicular bulge stem cells®® or their
progeny,?" was 6.8-fold higher in BCC than in normal skin
in our DNA microarray analysis (data not shown). Recent
report shows that GPR49 is the second most highly up-
regulated gene as assessed by differential expression
arraying on isolated hair follicle stem cells.?® Together
with the report that GPR49 marks stem cells in intestine
and hair follicle,” our experiment suggest that BCC is
similar to hair follicle stem cells.

Our data also showed that down-regulation of Gpr49
suppressed ASZ001 cell proliferation without inducing
differentiation or apoptosis, and GPR49-overexpressing
HaCaT cells showed cell proliferation in vitro. Further-
more, GPR49-overexpressing HaCaT cells showed tumor
formation when transplanted into NOG mice. Even
though the nodules of HaCaT-vector cells showed epi-
dermal cyst-like structures on histological examination,
the tumors of GPR49-overexpressing HaCaT cells
showed not only nuclear atypia but also a complicated
nest with cancer pearls and invasion into the stroma.
Also, increased expression of Ki-67 in the tumors of
GPR49-overexpressing HaCaT cells was observed.
Though the tumor showed features of squamous cell
carcinoma instead of BCC, this could be explained by
differences in the character of the BCC progenitor cells
and more highly differentiated HaCaT cells. These histo-
logical alterations by GPR49 overexpression revealed
that GPR49 functions as an oncogene. A recent report
showed that stem cells in the small intestine and colon
overexpress GPR49, and also possibly in the hair folli-
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cle.” But it was unclear whether GPR49 has a functional
role or whether it is simply a stem cell marker. Our results
show that GPR49 does have a role in cell proliferation, at
least in some cell types. As discussed in the emerging
concept of “cancer stem cells,” some subpopulations of
tumor cells possessing somatic stem cell markers have a
high proliferative characteristics.?®> But this concept is
somewhat controversial since this phenomenon goes
against the original concept that somatic stem cells are
defined as those with slow cell cycling. However, this
phenomenon is now reported in various types of cancers,
and the current idea is that the difference between so-
matic and cancer stem cells is explained by how strictly
self-renewal is regulated.?® Therefore, considering these
theories, we speculate that BCC cells possess the fea-
tures somewhat similar to follicular stem cells, while dys-
regulated expression of the stem cell marker GPR49 led
to abnormal cell proliferation and tumor formation.
Some studies have also suggested that G-protein-cou-
pled receptors are involved in carcinogenesis.?* In par-
ticular GPR48, which is also a member of the LGRs, plays
a significant role in invasion and metastasis of carcinoma
cell.?® GPR49 has potential SH2- and SH3-interacting
sequences in the C-terminal tail and it may be able to link
to additional signal transduction cascades. Therefore,
together with our observations about functional analysis,
GPR49 may be closely involved in the tumorigenesis of
BCC. These data also suggested that GPR49 will be a
novel target of therapy in BCC. Because a numbers of
drugs currently in use are agonists or antagonists of G
protein-coupled receptors, we speculate that antagonists
of GPR49 will also be a drug for treating BCC. So, future
studies to identify the ligand of GPR49 would be useful.
Our results indicated that gene expression of GPR49
and GLI1 showed significant correlation in BCC tumor
samples. Moreover, inhibition of the HH signaling path-
way in a mouse BCC cell line down-regulated endoge-
nous Gpr49, and activation of HH signaling in mouse
NIH3T3 cells up-regulated endogenous GPR49. These
findings indicate that GPR49 is regulated by HH signal-
ing. Previous reports showed that GPR49 is regulated by
Wnt-B -catenin signaling,”® but our data suggested that
GPR49 is also regulated by HH signaling in BCC. How-
ever, we could not find the GLI binding site or related
sequences’® in the promoter region of GPR49. Also, lu-
ciferase assay using reporter constructs of the GPR49
promoter region did not show significant activity (data not
shown). However, the regulation of HH signaling target
genes in mammals seems complicated. For instance, GLI
binding sites of N-MYC, which is also thought to be a
target gene of HH signaling, may exist in the second
intron and about 50 kb upstream of the transcription start
site.?® There may also some intermediary step exist to
induce GPR49. One possibility is that GPR49 is ex-
pressed via the activation of Wnt-B catenin signaling,
since past studies suggested that activation of HH sig-
naling induces activation of Wnt-g catenin signaling.?’
However, we could not successfully prove this hypothe-
sis in our BCC cases because immunohistochemistry of 8
catenin in BCC cases did not show nuclear accumulation
(data not shown). And reporter activity of TOP flash/FOP

flash®® was negligible in ASZ001 in comparison with the
high activity seen in hepatocellular carcinoma cells in
which Wnt-B catenin signaling had been activated (data
not shown). So at present, we do not know whether
GPR49 is up-regulated by HH signaling directly or
whether there are any intermediate steps. Further analy-
sis is necessary to reveal the precise regulation of the
gene expression.

In conclusion, stem cell marker GPR49 is expressed in
BCC and plays a significant role in the pathogenesis of
BCC. Because some cancer cells and tissue develop-
ment share the HH signaling pathway, GPR49 might be a
key molecule with roles common to both the carcinogen-
esis and normal tissue development pathways.
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