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Fi. 5. Immunohistochemical anal-
ysis with an anti-HDC antibody in
the testis of W/W* and W/WY mice, The
testes of W/W* and W/WY mice (9-10
weeks of age) were collected, and immu-
nohistochemical analysis was performed
with an anti-HDC antibedy (1:200) as
described in the legend to Fig. 2. Bar,
100 pm.

bands were detected in the presence of an excess amount of the
antigen, glutathione S-transferase fusion HDC (data not
shown),

Absence of HDC in the Seminiferous Tubules of W/ WY Mice—
W/WY mice, which are genetically defective in c-Kit (stem cell
factor receptor) function, have been reported to lack a signifi-
cant proportion of their male germ cells. No immunoreactive
cells were observed in the seminiferous tubules of W/W" mice
when immunostained with an anti-HDC antibody. On the other
hand, a similar staining pattern to that of ICR mice was ob-
served in the testis of W/W™ mice (Fig. 5). Neither HDC activity
nor histamine was detectable in the testis of W/W" mice. In the
epididymis, W/W" mice showed a much lower HDC activity and
histamine content than the W/W™ mice (Table II).

Histamine Release Induced by an in Vitro Acrosome Reac-
tion—In vitro acrosome reactions were performed using a cal-
cium ionophore, A23187. Spermatozoa obtained from the cauda
epididymis of ICR mice underwent acrosome reactions upon
the addition of A23187. Intracellular histamine was completely
lost during the reaction for 1 h and about 25% of the histamine
was recovered in the medium (Table III). The addition of a
diamine oxidase inhibitor, aminoguanidine, had no effect on
the recovery of histamine (data not shown).

DISCUSSION

The abundant expression of HDC mRNA was demonstrated
in the mouse testis by Northern blot analysis. Since the func-
tion of histamine in the male reproductive system remains to
be clarified, our current studies were performed to analyze the
possible functions. HDC mRNA and protein were detected in
the cells inside the seminiferous tubules. The most intense
immunoreactive signals were found in the acrosomes of elon-
gating spermatids. Since immature acrosomes of the round
spermatids were also immunoreactive to the anti-HDC anti-
body, HDC protein expression in the seminiferous tubules may
be synchronized with acrosome development. HDC mRNA was
also detected by in situ hybridization in the cells located near
the basement membranes of the seminiferous tubules, which
were not immunoreactive to the anti-HDC antibody. Although
we were unable to identify which types of cells near the base-
ment membrane were positive upon in situ hybridization, these
observations suggest that the expression of HDC in these cells
may be regulated at the post-transcriptional level.

W/WY mice, which possess a point mutation in the kinase
domain of c-Kit (SCF receptor), are known to be sterile and to
lack a significant portion of their germ cells in the seminiferous
tubules (10). Studies with a moneclonal antibody, ACK-2,
which blocks binding of SCF to c-Kit, have indicated that the
SCF/c-Kit interaction is essential for the proliferation of type A
spermatogonia in a normal genetic background (23, 24). W/WY
mice are known to lack spermatocytes, spermatids, and sper-
matozoa. The absence of the HDC protein in the seminiferous
tubules and the lack of enzymatic activity in the testis of W/WY
mice is consistent with the observation that HDC is selectively
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TaeLE 11
HDC activity and histamine content in the testis and epididymis of
WIW* and W/W’ mice
The testes and epididymides of each mouse were homegenized and
subjected to the assay for HDC activity and histamine as described
under “Experimental Procedures.” Data are represented as the
means = SE. (n = 7).

HDC activity Histamine
Testis Epididymis Testis Epididymis
fmoliminimg protein pmolimg protein
WiwW+ 989 =100 229250 958 = 0.880 46.7 %384
wwWY <1.00 2.00 = 2.00% <0.25 3.33 = 1.78°

2 p < 0.01 by Student’s ¢ test,

TabLE III
Histamine release by the acrosome reaction induced by A23187

Spermatozoa were collected from the cauda epididymis in the fertil-
ization medium, The acrosome reaction was induced by the addition of
a calcium ionophore, A23187 (10 uM) as described under “Experimental
Procedures.” Histamine content in the A23187-treated spermatozoa
and in the medium was measured. Data are represented as the
means + S.E. (n = 3).

Histamine
None +A23187
pmol!107 cells
Spermatozoa 14.3 = 3.31 <0.600
Medium <0.500 3.40 = 0270

expressed in the spermatids and spermatozoa. The relationship
between membrane-bound SCF expression in Sertoli cells and
c-Kit expression in male germ cells (spermatogonia and sper-
matids) is analogous to that between SCF in fibroblasts and
c-Kit in immature mast cells. W/W" mice are also known to
lack peripheral mature mast cells, indicating that the SCF/e-
Kit signaling is also essential for the development of peripheral
mast cells (10). The treatment of interleukin-3-dependent bone
marrow-derived mast cells with SCF has been reported to
enhance the synthesis of histamine in these cells (7). The
acrosome is believed to be analogous to the lysosome (25) and
contains a large array of hydrolyzing enzymes such as acrosin
and hyaluronidase (26). We previously demonstrated that HDC
is localized in the granular fraction of a rat mast cell line,
RBL-2H3 (5). Male germ cells and mast cells may share a
common mechanism, a SCF/c-Kit signaling pathway, that may
induce the expression and determine the intracellular localiza-
tion of HDC.

We previously reported that HDC is translated as a 74-kDa
precursor and processed into 2 mature 53-kDa form in a mast
cell line (5). The reported molecular mass of purified enzymes
from various mammalian tissues has all been 53-55-kDa (19,
20, 27) while the mouse HDC c¢DNA codes a protein with a
predicted molecular mass of 74 kDa (28). Immunoblot analyses
demonstrated that different forms of HDC (69, 45, 39, and 35
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kDa) are expressed in the male reproductive tissues. We re-
cently generated a mouse strain, genetically lacking the pyri-
doxal-binding site of HDC, and exhibiting no HDC activity (29,
30). In this strain, no immunoreactive bands were ohserved in
the testis, epididymis, and epididymal spermatezoa (data not
shown). Since no splice variants of HDC were detected in the
testis by RT-PCR (data not shown), these multiple forms of
HDC may be generated by post-translational processing. It is
possible that sperm-specifie forms of HDC may be produced by
a different processing pathway from that in mast cells, since
acrosomes are known to contain various specific proteases. A
previous study has suggested the existence of a testis-specific
form of the c-Kit protein (31). In rat stomach, the existence of
multiple forms of HDC have zlso been reported, where small
forms of HDC (40 and 36 kDa) were found to be increased upon
the refeeding of fasted rats (32, 33). Since the specific activity
of these forms remains to be determined both in the rat stom-
ach and in our study, it is unclear whether these small forms of
HDC possess the enzymatic activity. However, since Engel et
al. (34) have reported that the deletion of the amino-terminal
68 residues and the carboxyl-terminal 20-kDa region has no
effect on the K, value and enzymatic activity of rat HDC, it is
possible that the small forms of HDC (39 and 35 kDa) in
spermatozoa exhibit enzymatic activity.

In this study, we demonstrated the release of histamine from
spermatozoa by an in vitro acrosome reaction induced by a
calcium ionophore, A23187. Accumulating evidence suggests
that fertilizing spermatozoa do not initiate the acrosome reac-
tion in vive until they come into contact with the zona pellucida
(14). Although the acrosome reaction induced by a calcium
ionophere may be quite different from the zona-induced reac-
tion, it is generally believed that the differences most probably
occur during the initial steps of the reaction and not in the
downstream cascade of events that occur.

Although a function for histamine in fertilization has not
been reported, our results suggest that histamine release may
have some function in the fertilization process. We have ob-
served normal fertility in the HDC-deficient mice (29), indicat-
ing that histamine production may not be essential in fertility.
We are now investigating of male germ cell funetion and mor-
phology using this mutant mouse strain. To clarify the mech-
anism as to how histamine modulates the process of fertiliza-
tion, further experiments, such as in vitro fertilization, are
surely required.

The recovery of released histamine was quite low in our in
vitro acrosome reactions. Since the addition of a diamine oxi-
dase inhibitor, aminoguanidine, did not increase the recovery
of histamine, the other histamine-metabolizing enzyme, hista-
mine N-methyltransferase, may be involved in the degradation
of histamine. We have not heen able to perform further studies
on this point, since we could not cbtain a specific inhibitor of
histamine N-methyltransferase. The expression of diamine ox-
idase and histamine N-methyltransferase in spermatozoa re-
mains unknown.

In summary, we have demonstrated for the first time that
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there is significant expression of HDC in the spermatids and
spermatozoa of male mice and that the release of histamine
from spermatozoa can be induced by an in vitro acrosome
reaction. Our results raise the possibility that histamine may
play a role in the mouse reproductive system.
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Bone remodeling, comprising resorption of existing bone and de
nova bone formation, is required for the maintenance of a constant
bone mass. Prostaglandin (PG)E; promotes both bone resorption
and bone formation. By infusing PGE; to mice facking each of four
PGE receptor (EP) subtypes, we have identified EP4 as the receptor
that mediates bone formation in response to this agent. Consls-
tently, bone formation was induced in wild-type mice by infusion
of an EP4-selective agonist and not agonists specific for other EP
subtypes. In culture of bone marrow cells from wild-type mice,
PGE; induced expression of core-binding factor a1 (Runx2/Cbfal)
and enhanced formation of mineralized nodules, both of which
were absent in the culture of cells from EP4-deficient mice. Fur-
thermore, administration of the EP4 agonist restored bone mass
and strength normally lost in rats subjected to ovariectomy or
immobilization. Histomorphometric analysis revealed that the EP4
agonist induced significant increases in the volume of cancellous
bone, ostecid formation, and the number of osteoblasts in the
affected bone of immobilized rats, indicating that activation of EP4
induces de novo bone formation. In addition, osteoclasts were
found on the increased bone surface at a density comparable to
that found in the bone of control animals. These results suggest
that activation of EP4 induces bone remodeling in vivo and that
EP4-selective drugs may be beneficial in humans with osteoporosis.

B ones undergo continuous remodeling through repeated cy-
cles of destruction and rebuilding (1). This remodeling is
mediated by the well balanced actions of osteoclasts, which
resorb old bones, and osteoblasts, which form new bones.
However, in the elderly, especially in postmenopausal women,
the extent of bone resorption far exceeds that of bone rebuilding,
resulting in osteeporosis and the associated increases in bone
fragility and susceptibility to fractures (2). About 100 million
people are estimated to suffer from this debilitating disease
worldwide, Several drugs have been developed to treat osteo-
porosis, with most inhibiting bone resorption and only a few
promoting bone formation (3). Such modulation of only one of
the two processes in bone remodeling renders these drugs of
limited efficacy in restoring the normal balance and bone mass.

Recently, significant advances have been made in our under-
standing of molecular mechanisms of osteoclast and osteoblast
differentiation (4), but such knowledge has not been exploited
fully to develop a drug that corrects the imbalance and restores
normal bone remodeling. Prostaglandins (PGs) are a group of
lipid mediators that are produced from arachidonic acid in a
variety of tissues under various physiological and pathophysio-
logical conditions and serve to maintain local homeostasis (5).
Among them, PGs of the E type work bimodally in bone
metabolism (6). PGE: potently induces bone resorption in bone
organ cultures, whereas repeated injection of this compound in
vivo induces bone formation in a variety of animals including
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humans. However, the use of PGE; as a therapeutic agent in the
treatment of bone loss has been hindered by unwanted actions
that systemically applied PGE; exerts in the body. 1t is not
understood, either, the mechanism by which it induces bone
formation or how this in vivo effect is related to its bone
resorbing activity in vitro.

PGE; exerts its effects through interaction with specific cell
surface receptors {5). Four subtypes of PGE receptors—EP1,
EP2, EP3, and EP4—have been identified. These receptors are
encoded by distinct genes and are expressed differentially in the
body. With the use of homologous recombination, we have
generated mice that lack each of the four EP subtypes individ-
ually (7-9). We also have screened compounds on a panet of the
cloned receptors and developed drugs that act specifically at
each EP subtype (10). With these tools, we now have investigated
which EP subtype mediates the bone-forming activity of PGE;
and how activation of this receptor induces bone formation. We
have also used ovariectomized or immobilized rats as models of
diseases with bone loss and examined the efficacy of EP-subtype-
specific drugs in the treatment of this condition.

Materials and Methods

Mice. Mice deficient in each EP subtype (7-9) were backcrossed
for more than five generations into C57BL/6CrSlc (Japan SLC,
Hamamatsu, Japan). Males of the F2 progenies of N10 EP17/~
mice, NS EP2™/~ mice, and N5 EP3~/~ mice were used. Because
EP4-/~ mice do not survive in the C57BL/6 background
because of patent ductus arteriosus (8), survivors of F2 progenies
in the mixed genetic background of 129/01a x C57BL/6 were
intercrossed and the resulting male survivors were used.
Mice were treated according to the guidelines for the pro-
tection of experimental animals of Kyoto University and Ono
Pharmaceutical.

Chemicals. D1-004, AE1-259, AE-248, and AE1-329, agonists for
EP1, EP2, EP3, and EP4, respectively, were described (10). A
new EP4 agonist, ONO-4819, methyl 7-[(1R, 2R, 3R)}-3-hydroxy-
2-[{(E)-(35)-3-hydroxy-4-(m-methoxymethylphenyt)-1-butenyl]-
5-oxacyclopentyl]-5-thiaheptanoate (Patent Cooperation Treaty
publish no, WO 00/03980), shows inhibition constant values of

Abbreviations: PG, prostagtandin; EP, PGE receptor; Chfal, core-binding factor ol; OVX,
ovariectomized.
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Table 1. Histomorphometric parameters in the tibia of sham-operated rats and immobilized rats with or without

ONO-4819 treatment

Sham-operated

Control immobilized ONO-4819-treated immobilized

Parameter* rats (n = 4) rats {0 = 6) rats {n = 5)
Bone volume (BV/TV), % 782+ 050 1.04 = 0.38 124 + 251
Bone formation rate (BFR/TV), % /year 120,02 + 7.77 17.01 + 7.78 187.21 + 42.97%
Bone surface (BS/TV), um/pm? X 103 3.49 + 0.26 0.60 = 0.19 6.37 = 0.81*
Osteoid volume {OV/TV), % 0.39 = 0.08 0.05 + 0.02 1.7 = 0.30¢
Osteoid surface (0S/BS), % 30.39 = 544 2245 + 518 44,51 x 5.221
Mineralizing surface (M5/05), % 138.86 * 19.68 78.41 = 21.52 64.03 = 11.01
Osteoblast surface (Ob.S/BS), % 11.90 > 3.28 9.29 + 301 22.38 + 443
Osteoclast surface (Oc.5/B5), % 1381 2094 19.837 = 4.40 15.09 = 293
Osteoclast number (N.Oc¢/BS), ne./mm 2.35 > 0.33 3.22 = 0.86 211 =048
Mineral apposition rate (MAR), pm/day 246 0.1 220075 2.86 + 0.12
Mineralization lag time (MIt}, day 1.14 £ 0,18 0.71 = 0.23 2.48 = 0.501

*Nomenclature and abbreviations are from ref. 16.
1, P < 0.05 vs. immobilized control rats.

0.7, 56, and 620 nM for radioligand binding to EP4, EP3, and
EP2, respectively, and values of more than 10 pM for EP1 and
receptors for PGD,, PGFae, PG>, or thromboxane A, This
compound was administered as an inclusion complex with
a-cyclodextrin,

Local Infusion of PGE; and EP Agonists. Eight-week-0ld mice with
body weights of 22-25 g were anesthetized. Their right femora
were exposed, and the periosteum was removed around their
shaft 8 mm in length., A polyvinyl catheter was fixed distally to
the exposed bone surface and was connected proximally to an
Alzet 1002 miniosmotic pump (Alza) implanted s.c. in the back
and containing PGE; or EP agonists in ethanol/propylene glycol
(40:60, vol/vol). The infusion was performed at a rate of 0.25
pl/hr for 6 weeks, with reservoir replacement every other week.
The mice then were killed. Soft x-rays of the femur were taken
as described (11). The anteroposterior and lateral diameters of
the femur were measured in a callus-containing region of the
treated bone and in the corresponding region of the contralateral
femur, Each bone volume was calculated assuming the horizon-
tal section of the femur to be elliptical, and the volume of the
callus was obtained by subtraction. Histology of the femur was
analyzed as described (12).

Bone Marrow Cell Culture. Bone marrow cells were obtained from
femora of 8-week-old mice and cultured in the medium con-
taining PGE; or vehicle as described (13). The medium was
replaced every 3 days. After 21 days, the cells were rinsed with
PBS, fixed in a 1:1:1.5 solution of 10% formalin/methanol/water
for 2 h, and stained with the von Kossa method for mineraliza-
tion. Nuclei were counterstained with neutral red. Photographs
were taken with transmitted light, and the black-stained arca of
the mineralized nodules was measured with NIH IMAGE.

Immunoblot was performed as described with 100 ug pro-
tein of cell lysates and antibodies to core-binding factor al
(Cbfal) (14). Bound antibodies were detected with ECL Plus
reagents (Amersham Pharmacia). Northern blot analysis was
performed with 0.6 pg of poly(A) RNA. Hybridization was
performed with random-primed **P-labeled probes prepared,
with the 0.8-kb EcoR/-Hind/iI fragment of mouse Cbfal
¢DNA as a template (15).

Administration of OND-4819 to Ovariectomized Rats. Fifteen-week-
old female Crj:CD(SD)IGS (IGS) rats were anesthetized, and
both ovaries were removed. ONO-4819 was dissolved in saline
and administered either by iv. infusion through a catheter into
the right jugular vein or by s.c. injection in the back. Infusion was
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performed at a rate of 4 ml/kg per hr for 2 h twice per day.
Seventy days after surgery, rats were killed and both femora and
the fourth lumbar body were isolated. The right femur was fixed
in 10% formalin and subjected 1o analysis with Micro Focus
X-ray-Computed Tomography (MCT-CB100MF; Hitachi, To-
kyo). The density of cancellous bone was measured in the left
femur in a 0.77-mm-thick slice at a distance of 3 mm from the
epiphysial growth plate by peripheral quantitative-computed
tomography (Stratec Medizintechnik, Pforzeim, Germany) with
a voxel size of 0.12 mm at a tube voltage of 50 kV. The lumbar
body was used for compression testing, which was performed
with a bone compression machine (MZ-500D; Maruto, Tokyo).

Immobilized Rat Model and Histomorphometric Analysis of Bone
Tissues. Five- to six-week-old male IGS rats were anesthetized,
and the left sciatic and femoral nerves each were resected at a
length of 10 mm. Sham-operated rats received a similar opera-
tion without nerve resection. The rats then were systematically
infused i.v. either with vehicle or ONO-4819 for 2 h twice a day.
For bone density measurement, the rats were killed after 14 days,
and the density of trabeculae of the left tibia was examined 4 mm
from the proximal end as described above. For histomorpho-
metric analysis, the infusion of ONO-4819 at 100 ng/kg per min
or vehicle for 2 h twice a day continued for 28 days. On days 24
and 27, the rats received injection with tetracycline and caleein,
respectively. After sacrifice on day 29, the left tibia was isolated.
The sagittal block of the metaphysis was obtained, incubated
with the Villanueva bone stain for 7 days, dehydrated, and
embedded in methylmethacrylate. Sections of 4-um thickness
were prepared and subjected to the analysis by using a micro-
scape coupled to the computerized bone morphometry analysis
system (Luzex F Bone system, NIRECO, Tokyo). The primary
parameters were measured as recommended (16) in an area
between 1 and 1.2 mm from the growth plate and 200 pm apart
from the cortical bone and were used to calculate the secondary
parameters shown in Table 1.

Statistical Analysis. Data are presented as mean * SE and were
analyzed by using either Student’s ¢ test or, after variation
analysis, Welch’s ¢ test or the Dunnett multiple comparison test.
An associated probability (P value) of <0.05 was considered
significant.

Results

Lack of PGEy-Induced Bone Formation in EP4-/— Mice. By using a
miniosmotic pump, we continuously infused PGE; into the
periosteal region of the femur of wild-type C57BL/6 mice or

PNAS | April2,2002 | vol.99 | no.7 | 4581
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Fig. 1. Absence of PGEx-induced bone formation in EP4~/~ mice. {a} PGE,-
induced bone formation in wild-type mice. Typical radiographs (Left; arrow-
heads indicate the site of infusion} and histological preparations (Right; bars =
1 mm) of eight mice injected with vehicle or with PGE; at a dose of 800
nmol/kg per day are shown. (b) The dose dependence of the effect of PGE; on
callus formation in wild-type mice. Data are values from six mice per dose. »,
P < 0.01; *+, P < 0.001 vs, vehicle-treated control mice. () The effect of PGE;
on bone formation in EP-deficient mice. Typical radiographs (Left} and hema-
toxylin/eosin staining {Right) of the treated femur from each mouse strain
infused with PGE; at a dose of 800 nmol /kg per day for 6 weeks are shown. Six
mice per each strain were used in the analysis with reproducible results.
{Bars = 1 mm.)

mice deficient in each EP subtype. After 6 weeks, the femur was
isolated and bone formation was examined by both radiographic
and histological analyses. Radiography revealed that PGE,
induced extensive callus formation on the femur at the site of
infusion in wild-type mice (Fig. 1a). The extent of callus forma-
tion depended on the dose of PGE> between 0.8 and 800
nmol/kg per day (Fig. 16). Histological analysis showed marked
thickening of the femoral cortex, with a large amount of woven
bone as well as substantial accumulation of cells and bone matrix
(Fig. 1a). Little bone formation was evident in the wild-type mice
infused with vehicle alone. When PGE; was infused to mice
deficient in each EP receptor subtype, the callus formation of as
much extent as that seen in wild-type mice was observed in the
cortex of the femora of EP1~/~, EP2~/~, and EP3~/~ mice (Fig.
1¢). This effect again depended on the doses of PGE; (data not
shown). In contrast, no callus formation was detected in EP4~/~
mice. On histology, massive formation of woven bone, similar to
that apparent in wild-type animals infused with PGE3, was seen
in PGEy-treated EP1-/~, EP2~/~, or EP3~/~ mice but not in
EP4~/~ mice.

PGE; Induces Osteoblast Differentiation in Vitro Through EP4 Receptor
Activation. The bone-forming activity of PGE; can be evaluated
in vitro in a primary culture of rat bone marrow cells by
measuring the formation of mineralized nodules (13). By appli-
cation of this system to mice, we examined the mechanism of
EP4-induced bone formation. Bone marrow cells were harvested
from either wild-type C57BL/6 mice or EP4~/~ mice and
were cultured with PGE; for 3 weeks. Mineralized nodules were
stained black by the von Kossa method, and their areas were
summed. Culture of wild-type cells with vehicle alone resulted in
the formation of mineralized nodules, and this was enhanced by
the addition of PGE; in a concentration-dependent manner (Fig.
2a), In contrast, neither the basal level of mineralization nor its
enhancement by PGE; was detected in cell culture derived from
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Fig.2. EP4 mediates mineralized nodule formation and Cbfal expression in
cultured bone marrow cells. (3) EP4-mediated enhancement of mineralized
nodule formation by PGE,. {Upper) von Kossa staining of mineralized nodules
in bone marrow cell culture from wild-type C57BL/6 (WT) and EPA~/~ mice in
the presence of either vehicle or 100 nM PGE;. Nuclei were counterstained
with neutral red in the EP4-/- cell cultures. Typical results of six independent
cultures are shown. (Lower} The concentration dependence of the effect of
PGE; on mineralized nodule formation. Data are values from six experiments.
*, P < 0,001 vs. vehicle-treated control. n.d., not detected. (b) immunoblot
analysis for Cbfal expression in bone marrow cells. Results of wild-type (WT)
and EP4~/~ ¢ells cultured for indicated days in the absence or presence of 100
nM PGE; are shown, {¢) Northern blot analysis for Cbfal mRNA abundance.
Wild-type bone marrow cells cultured in the absence or presence of 100 nM
PGE; for 7 days were subjected to Northern blot with probes specific to Cbfa1
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNAs. (d} Effect of
PGE; on the number of Cbfa1-positive cells. Bone marrow cells from wild-type
mice cultured far 4 days in the absence or presence of 100 nM PGE; were
stained with anti-mouse Cbfa1 antibody and visualized by the ABC method.
The number of positive cells per culture was determined (n = 10}. =, £ < 0.001
vs, vehicle-treated culture.

EP4~/~ mice. These results suggested that PGE; might promote
osteoblast differentiation from precursor bone marrow cells. To
test this possibility, we examined the effect of PGEz on the
expression of Cbfal in these cells. Cbfal is an osteoblast-specific
transcription factor and an important determinant of ostecblast
differentiation (4, 17). Immunoblot analysis with mouse mAb
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aA8GS to Cbfal (14) detected two bands of =65 kDa in lysates
prepared from vehicle-treated, wild-type cells on day 4 or 7 (Fig.
2b). The amounts of these proteins were markedly increased, and
the duration of their expression was prolonged in cells cultured
with 100 nM PGE;. In contrast, only a very little amount of Cbfal
was detected in vehicle-treated EP4 -/~ cells, and the abundance
was not enhanced by the addition of PGEs. These results suggest
that PGE; increases the amount of Chfal via EP4. This effect of
PGE; appears to be exerted at the mRNA level, given that
Northern blot analysis revealed that culture of wild-type cells
with PGE; increased the level of Cbfal mRNA (Fig. 2c).
Immunostaining of wild-type cultures with anti-Cbfal antibody
revealed that incubation with PGE:z induced a significant in-
crease in the number of cells containing Cbfal immunoreactivity
(Fig. 2d), indicating that PGE; increased the number of Cbfal-
expressing cells and not simply increased the amount of Cbfal in
a fixed number of cells. These results taken together identify EP4
as the EP receptor subtype that mediates the bone-forming
activity of PGE,, and suggest that EP4 achieves this effect
through induction of osteoblast differentiation.

An EP4-Selective Agonist Potently Stimulates Bone Formation in Vivo.
To cotroborate these observations pharmacologically, we next
applied agonists D1-004, AE1-259, AE-248, and AE1-329, which
specifically target EP1, EP2, EP3, and EP4, respectively (10).
Wild-type mice were infused continuously with one of these
compounds for 6 weeks, and their in vivo bone-forming activities
were assessed. Infusion of the selective EP4 agonist, AE1-329,
markedly increased bone formation, as detected both radio-
graphically and histologically, in a dose-dependent manner (Fig.
3 g and b). In contrast, the femora of mice infused with each of
the agonists specific for the other threce EP subtypes did not
appear to differ from those of animals infused with vehicle {(Fig.
3 c—€). We also tested the in vitro activities of these agonists on
the formation of mineralized nodules in primary cultures of bone
marrow cells. AE1-329 again was the only one of four com-
pounds capable of inducing mineralized nodule formation (data
not shown).

Administration of an EP4 Agonist Prevents Bone Loss and Restores
Bone Mass and Strength in Rats Subjected to Ovariectomy and
Immobilization. Given that the EP4 agonist is a potent inducer of
bone formation in healthy animals, we next investigated whether
this type of drugs might exert a similar action in animals with
bone loss and, thereby, restore bone mass and strength. To this
end, we modified AE1-329 to increase its chemical stability {Fig.
4a). The resulting compound, ONO-4819, was administered to
ovariectomized (OVX) rats, a model for human postmenopausal
osteoporosis. Both ovaries were removed from 15-week-old
female rats, and the effect of daily administration of ONQ-4819
was examined. Seventy days after ovariectomy, vehicle-treated
control OVX rats exhibited marked osteoporosis, as was appar-
ent from the almost complete loss of bone trabeculae (Fig. 45).
s.c. injection of ONO-4819 three times per day beginning on the
day of ovariectomy inhibited bone loss in a dose-dependent
manner (Fig. 4 b and ¢); at a dose of 10 ug/kg, the drug
completely prevented the bone loss. Importantly, the full resto-
ration of bone density also was obtained when the injection was
initiated 20 days after ovariectomy. We next evaluated the effect
of the EP4 agonist on bone strength by subjecting the fourth
lumbar body from these animals to the compression test. Ovari-
ectomy resulted in a marked reduction in bone strength. This
fragility was prevented by treatment of animals with ONO-4819
(Fig. 4d). In animals injected with ONO-4819 at 30 ug/kg three
times per day or infused at 100 ng/kg per min for 2 h twice per
day, bone strength was significantly greater than that in vehicle-
treated OVX rats. Histology of bones revealed that trabeculae
similar in architecture and appearance to those found in the
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Fig. 3.

Selective induction of bone formation by an EP4 agonist. Radiograph
and histology of the femora treated with either the EP4 agonist AE1-329 {a},
EP1 agonist DI-004 (¢}, EP2 agonist AE1-259 (d), or EP3 agonist AE-248 (e) are
shown. Typical findings with a dose of 800 nmol/kg per day are shown, {Bars =
1 mm.) In b, the dose dependence of the effects of AE1-329 is shown. Data are
from four animals per each dose. *, P < 0.01; =+, £ < 0.001 vs. vehicle-treated
control.

sham-operated rats and lined with osteoblasts were formed in
the OVX rats treated with ONO-4819 (Fig. 4e).

En healthy animals, bone remodeling is stimulated by the
mechanical tension applied to each bone as a result of its daily
use, and prolonged immobilization results in a reduction in bone
mass and deterioration of bone architecture. We therefore
examined the effect of ONQ-4819 on bone loss of immobilized
rats. Immobilization of a hind limb induced a significant reduc-
tion in bone density of the tibia of the affected leg in 2 weeks.
The infusion of ONO-4819 inhibited this reduction in a dose-
dependent manner, preventing it completely at higher doses
tested {Fig. 5). We next used rats subjected to this model and
performed histomorphometric analysis on the effects of the
ONO-4819 treatment (Table 1). Because the immobilization in
our model affected significantly the cancellous bone and not the
cortical bone, we limited our description to the changes in the
cancellous bone of the metaphysis. This analysis revealed sig-
nificant reduction in the volume of cancellous bone in immobi-
lized rats as determined by bone volume (BV/TV). The ONO-
4819 infusion significantly increased the bone volume including
the osteoid volume and completely restored it in the immobilized

PNAS | April2,2002 | vol.99 | no.7 | 4583

_64_

MEDICAL SCIENCES



Sham-operated rat Ovx rat

| vehicle / vehicle

Ovx rat/ ONO-4819 Ovx rat/ ONO-4819

e

4584

.Jvehicle

1 ug/kg 3x daily 10 ug/kg 3x daily

1000 ¢

T

7]

o

£

£

$

L ]

=

a

m

Sham Ovx
Ivehice Fvehicla ! 2 b » 30
(post)
0w ONO-481%{pg/kg)

300

200

L3l
*
wol . l I
0 * Qvx * E ) . 100 0

m
Iwehicle  [vehicle

Braaking strength (N}

infusion Inglon
ng/kg/min) gkl
OvwONO-4819

Sham-operated rat Ovx rat /ONO-4819

| www.pnas.org/cgi/doi/10.1073/pnas.062053399

oo
200

V ¥
*
. T
) ! | ' l
N B [
2.5 25 50 160

Sham Immab. 1
Ivehicle  jvehicle

-]

Bone Denslty (mg/cm?)

tmmob/ ONO-4819
{ng/kg/min)

Fig. 5. Effects of ONC-4819 on immobilization-induced bone loss. Rats
immobilized in the {eft hind limb {immob) were infused systematically for 2 h
twice per day with vehicle or the indicated doses of ONC-4819. After 14 days,
the left tibia was isolated and subjected to analysis of bone density (n = 9-14
per group). +, P < 0.01 vs. the sham-operated group; *, P < 0.01 vs, control
vehicle-treated immobilized group.

animals. This was reflected by the significant increase in bone
formation rate in the ONQO-4819-treated animals. The signifi-
cant increases in bone surface (BS/TV) and in the bone surface
lined with osteoblasts (Ob.S/BS) were also noted. These findings
together with a similar density of osteoclasts on bone surface
(N.O¢/BS) in ONO-4819-treated rats indicate that the total
number of osteoclasts in the tissue markedly increased with the
increase in the bone surface. On the other hand, the calcification
rate as determined by double fluorescence labeling (mineral
apposition rate) was not affected by this treatment.

In the above experiments, ONO-481% administration caused
no significant change in the serum concentrations of alkaline
phosphatase, calcium, and inorganic phosphate in the animals
{data not shown). Ectopic calcification in tissues such as cardiac
valves or aorta was not found. No significant change in the bleod
pressure was detected in conscious rats by either infusion or
injection of the drug at the doses described, although the infusion
of the highest dose (100 ng/kg per min iv.) induced less than
20% elevation of the heart rate.

Discussion

In this study, with both genetic and pharmacological approaches,
we have unambiguously identified EP4 as the receptor that

Fig.4. Prevention of bone toss and restoration of bone mass and strength by
the EP4 agonist ONO-4819 in OVX rats, (a) Structure of AE1-329 (Left) and
ONO-4819 (Right). (b} Bone architecture of OVX rats treated with ONO-4819.
Seventy days after surgery, the right femurwasisolated from a sham-operated
rat as well as from OVX rats injected either with vehicle or two different doses
of ONO-4819 and was subjected to analysis by x-ray-computed tomography.
The three-dimensional structure was constructed by piling up images, and
typical architecture of the metaphysis of each bone is presented. {c) Effects of
ONO-2819 on bone density in OVX rats. OVX rats were injected s.c. with either
vehicle or the indicated doses of ONO-4819 three times per day, either
beginning on the day of surgery or day 20 after ovariectomy {post). Seventy
days after the surgery, the left femur was isolated and subjected to analysis of
bone density (n = 8 per group). #, P < 0.05 vs. the sham-operated group; », P <
0.05 vs. control vehicle-treated OVX group (Dunnett test); +, P < 0.05 vs.
control vehicle-treated OVX group {Student’s t test). (d) Effects of ONO-4819
on bone strength in OVX rats. OVX rats were treated either by i.v. infusion of
ONO-4819 at a rate of 30 or 100 ng/kg per min (=15 and 50 nmol/kg per day)
or by s.¢. injection of the drug at a dose of 30 ug/kg three times per day (~200
nmol/kg per day). Seventy days after surgery, rats were killed, and the fourth
lumbar body was isolated and subjected to a compression test. No significant
difference in the size of the bone was detected among the groups. Data are
from eight rats per group. *, P < 0.05 vs. control vehicle-treated OVX group;
*, P < 0.01 vs. control vehicle-treated OVX group. (e} Histology of the bone.
Hematoxylin/eosin staining of the decalcified transverse sections of the
epiphysis of the femur of sham-operated rats or OVX rats with ONO-4819
infusion is shown. {Bars = 100 pm.)
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mediates the bone-forming activity of PGE;. The role of this
receptor in bone formation was suggested previously only indi-
rectly by the use of a limited repertory of EP-acting compounds
(18). We have found that activation of EP4 induced callus
formation on the femur of mice and restored the volume of
cancellous bone in OVX or immobilized rats. The histomorpho-
metric analysis in the latter model revealed increases in both the
total volume of the bone and the volume of osteoid, suggesting
that these effects of the EP4 activation are exerted by de nove
bone formation. In vitro in the bone marrow cell culture, EP4
activation increased the number of Cbfa-1-positive cells, sug-
gesting that EP4 exerts such an effect by inducing osteoblast
differentiation. Consistently, the density of osteoblasts lining the
bone surface (Ob.S/BS) increased with ONO-4819 treatment in
the in vive models. It is noteworthy that the callus induced by
PGE2 in mice contained many fibrous tissues and that the bone
of ONO-4819-treated rats showed a mineralizing surface (MS/
08} of about half of that seen in sham-operated animals. These
results indicate that the osteoblasts induced by EP4 activation
produce bone matrix at a rate exceeding that of calcification,
This was reflected by the prolonged mineralization lag time
(MIt) with an unchanged mineral apposition rate. However, the
trabeculae formed were well connected, and the majority was
sufficiently calcified as shown in Fig. 4¢ and Table 1, yielding
substantial strength to the bone of OVX animals (Fig. 4d).
Qur current study thus suggests that EP4 activation induces
osteoblasts and thereby stimulates de novo bone formation.
Previously, we also noted in bone organ culture that EP4 in
mature osteoblasts mediates PGE;-induced osteoclast differen-
tiation (19, 20). We wondered how these two EP4 actions are
coordinated in vivo in the bone of animals treated with the EP4
agonist. The bone morphometric analysis has shown that the EP4
agonist did not decrease the density of osteoclasts despite the
increase in the bone surface, suggesting that it increased the
number of osteoclasts in parallel with the de novo increase in
bone. It is tempting to speculate that the PGE,-EP4 signaling
first works in osteoblast precursors to induce osteoblasts for bone
formation and then works in mature osteoblasts for induction of
osteoclasts on newly formed bones. Both EP4 and EP2 respond
to PGE; and are coupled to activation of adenylate cyclase. Both
also are implicated in PGE;-induced osteoclastogenesis (19-21}.
It is interesting in this respect that we have not observed any
involvement of EP2 in PGEz-induced bone formation in mice
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(Figs. 1 and 3). We neither have observed any bone-forming
effects of the EP2-selective agonist in OVX rats (data not
shown). Although we cannot exclude a redundant role of EP2 in
other species, these results indicate that EP4 is the only system
mediating PGE;-induced bone formation at least in rodents. It
is curious, therefore, that the skeleton of EP4~/~ mice either
alive to adulthood or dead in the neonatal period is apparently
normal (19, 20), suggesting that some pathway(s) other than the
PGE; system works for physiological maintenance of bone.
It remains to be clarified in what physiological or patholog-
ical context the PGE,-EP4 signaling is mobilized for bone
formation.

Several types of drugs currently are used for the treatment of
bone loss (3). These drugs either inhibit differentiation and
functions of osteoclasts or activate osteoblasts. However, none of
these drugs are able to restore the balance between bone
formation by osteoblasts and bone resorption by osteoclasts.
PGE>-EP4 appears to induce both osteoblastogenesis and oste-
oclastogenesis and to integrate the two actions temporarily and
spatially in situ in bone remodeling. In this respect, the action of
PGE; may be similar to that of PTH, which also promotes both
bone formation and resorption {1, 3, 22). Recently, clinical
efficacy of PTH for postmenopausal osteoporosis has been
reported {23). On the other hand, the numerous, unwanted
effects of PGE; injected systematically have precluded its use in
therapeutics for bone loss. Because EP4 agonists are selective to
only one subtype of EP receptors, they are expected to avoid
several adverse actions caused by systemic administration of
PGE;. Indeed, ONO-4819 lacks the uterine-contracting activity
of PGE,. Furthermore, administration of ONO-4819 in rodents
does induce diarrhea, hypotension, and thickening of intestinal
epithelium but at higher doses than that required for bone
formation. However, given various differences between the
rodent models and human patients, it may be too early to
conclude that EP4 agonists exert beneficial effects in humans.
Their therapeutic potential will be tested rigorously in future
studies.
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Abstract

Immunoglobulin (Ig)E-mediated activation of mast cells has long been thought to occur only
when FceRl receptor-bound IgE is cross-linked via multivalent antigens. However, recent
studies have raised the possibility that mast cells may be activated by the binding of 1gE to the
FceRI receptor in the absence of antigen. Here we demonstrate that IgE binding without anti-
gen induces the expression of histidine decarboxylase (HDC) in mouse interleukin (IL)-3-
dependent bone marrow—derived mast cells (BMMCs). The induction of HDC by the binding
of IgE was found to require an influx of extracellular calcium ions, which was attenuated by
pretreatment with U73122, a phospholipase C inhibitor. Furthermore, the increase in HDC
activity upon sensitization with IgE was completely suppressed by pretreatment of BMMCs
with protein kinase C inhibitors, such as H7, staurosporine, and G66976. In addition, iImmedi-
ate activation of the tyrosine kinase Lyn was not detectable upon treatment with IgE. These re-
sults suggest that the binding of IgE to its receptor in the absence of antigen results in de novo
synthesis of HDC in BMMCs through a signaling pathway distinct to that operating during an-
tigen-stimulated FceR1I activation.

Key words:  histidine decarboxylase * enzyme induction * protein kinase C * calcium signaling «

IgE receptors
Introduction

Mast cells are found in various tissues throughout the body
and trigger allergic and inflammatory responses by releasing
a wide variety of mediators, such as histamine, arachidonic
acid metabolites, and neutral proteases (1, 2). Activation
and signaling of FceRI, the high-affinity receptor for IgE,
has long been thought to occur only when receptor-bound
IgE is cross-linked via multivalent antigens (1-4). How-
ever, recently reported evidence has raised the possibility
that higher concentrations of IgE can trigger a number of
signaling pathways in mast cells and circulating basophils,
even in the absence of antigens. Treatment of cells with IgE
in the absence of antigen was found to enhance the ex-
pression of FceR1 by various mast cell populations in vitro
and in mouse peritoneal cells in vivo (5-8). It has been
demonstrated that IL-3—dependent bone marrow-—derived
mast cells (BMMCs)” respond with an increase in cytosolic
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cal Chemistry, Graduate School of Pharmaceutical Sciences, Kyoto Uni-
versity, Sakyo-ku, Kyoto 606-8501, Japan. Phone: 81-75-753-4527; Fax:
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* Abbreviations used in this paper: BMMC, IL-3-dependent bone marrow—

Ca?* levels when treated with IgE alone (9) and that mo-
nomeric IgE stimulates multiple phosphorylation events in
mouse BMMCs, leading to potent ¢ytokine production and
enhanced survival {10, 11). These observations suggest that
monomeric IgE is involved in the activation of mast cells,
which is distinct from induction via antigen stimulation.
The above studies have indicated that monomeric IgE in
the absence of antigen may not be able to stimulate the de-
granulation and release of histamine from mast cells. How-
ever, the regulation of histamine synthesis by monomeric
IgE remains to be clarified. We previously purified L-histi~
dine decarboxylase (HDC), the rate-limiting enzyme of
histamine synthesis in mammals, cloned its cDINA from a
mouse mastocytoma cell line, and prepared a specific anti-
body for HDC, in order to elucidate the mechanism regu-
lating histamine synthesis (12, 13). As previous reports have
demonstrated that atopic patients, who possess extremely

derived mast cell; HDC, t-histidine decarboxylase; MEK, MAPK/ERK
kinase; PI3-kinase, phosphoinositide 3-kinase; PLC, phospholipase C;
PKC, protein kinase C; TPA, 12-O-tetradecanoyl phorbol 13-acetate.
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high concentrations of serum IgE, show higher serum his-
tamine concentrations than normal individuals (14, 15), we
hypothesized that monomeric IgE may be involved in the
up-regulation of HDC. The purpose of our present study
was to investigate the effects of monomeric IgE on hista-
mine synthesis and to identify the signaling pathway in-
volved in this histamine synthesis.

Materials and Methods

Mice. Specific pathogen-free, 8-wk-old female Balb/c mice
were obtained from Japan SLC.

Materials. The anti-HDC antibody was prepared as described
previously (16), The following materials were commercially ob-
tained from the sources indicated: an anti-DNP mouse monoclo-
nal IgE (SPE-7) and DNP-conjugated human serum albumin
from Sigma-Aldrich, an anti-DNP IgG (HDP-1) from Oxford
Biomedical Research, an anti-trinitrophenyl IgE and an anti-
mouse FoyRIIB/IIL (2.4G2) antibody from BD Biosciences,
mouse whole IgG molecule from CHEMICON International
Inc. [a-PPICTP (3,000 Ci/mmol), and [y-¥P]ATP (3,000 Ci/
mmeol) from Du Pont-New England Nuclear, a horseradish per-
oxidase—conjugated anti—rabbit [gG antibody from Dako, an ECL
kit from Amersham Biosciences, Fura-2/AM from Dojindo Lab-
oratories, an agarose-conjugated anti-Lyn antibody, and an anti-
Lyn mouse monoclonal antibody from Santa Cruz Biotechnol-
ogy. Inc. All other chemicals were commercial products of re-
agent grade.

Preparation of BMMCs. BMMCs were prepared as described
previously with minor modifications (17). Cells were culred in
the complete RPMI containing 50% WEHI-3~conditioned me-
dium as a source of IL-3 and 10% fetal bovine serum at 37°Cina
fully humidified 5% CQ, atmosphere. After 4 wk of culture,
>95% of the viable cells were confirmed to be immature mast
cells, as assessed by staining with acidic Toluidine blue. A linear
increase in the surface expression of FeeRI was observed upon
flow cytometric analyses in the presence of 3 pg/ml anti-DNP
IgE {data not shown), which is consistent with previous studies
(7. 8).

HDC Assay. Cells were rinsed with PBS followed by centrif-
ugation and the cell pellet was lysed (107 cells/ml) with 10 mM
HEPES-NaCH, pH 7.3, containing 1.5 mM MgCl,, 10 mM
KClL, 0.5 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, and a protease inhibitor mixture {0.2 mM PMSF,
10 pg/ml aprotinin, 10 pg/ml leupeptin, 0.1 mM benzamidine,
1 pg/ml pepstatin A, and 10 pg/ml E-64) on ice for 30 min. The
cells were centrifuged at 100,000 g for 1 h at 4°C and the super-
natant was used for the measurement of HDC activity as de-
scribed previously (18).

Northern Blot Analyses.  Total RNA was extracted from cells
using ISOGEN (Nippon Gene), according to the manufacturer’s
insttuctions. Total RNA (3 pug) obtained was electrophoretically
separated on a 1.5% agarose/formaldehyde gel. After electro-
photesis, the RINA was transferred onto a Biodyne A membrane
(Pall) in 20X SSC (1X SSC is composed of 0.15 M NaCl and
0.015 M sodium citzate) by capillary blotting. [3°P]-Labeled spe-
cific cDNA probes were synthesized in the presence of [a-
¥P]dCTP and hybridized onto the filter in hybridizing solution
(6X S8C, 5X Denhardt's solution, 0.5% SDS, and 100 pg/ml
salmon sperm DNA) at 68°C overnight. The filter was rinsed
twice in 2X SSC at room temperature and twice in 2X S5C con-

taining 1% SDS at 60°C. The filter was then analyzed using a
Fujix BAS 2000 Bio-Imaging Analyzer.

Immunoblot Analyses. Cells were homogenized in 50 mM
HEPES-NaOH, pH 7.3, contaning 1 mM dithiothreitol, 1%
Triton X-100, and the protease inhibitor mixture, and centri-
fuged at 15,000 g for 30 min at 4°C. The resultant supernatant
(50 pg protein/lane) was subjected to SDS-PAGE (10% slab gel),
and the separated proteins were transferred electrophoretically
onto a PVDF membrane (Millipore). Immunoblot analysis was
performed as described previously (18). An anti-HDC antibody
(1:500) was used as the primary antibody, and a horseradish per-
oxidase—conjugated anti—rabbit IgG antibody (1:3,000) was used
as the secondary antibody. The membranes were stained using an
ECL kit according to the manufacturer's instructions.

Cell Culture Under Ca®*-free Conditions.  Cells were  washed
twice in PIPES buffer (25 mM PIPES, pH 7.4, containing 125
mM NaCl, 2.7 mM KCl, 5.6 mM glucose, 1 mM CaCl,, and
0.1% bovine serum albumin), or in Ca**-free PIPES buffer. The
cells were then incubated in buffer with or without Ca** in the
presence or absence of 3 pg/mil IgE for 90 min at 37°C. The cells
were harvested and Northern blot analyses were performed as de-
scribed above.

Measurement of Cytosolic Ca?t Concentrations.  Cells  were
loaded with 2 M Fura-2/AM in modified Tyrode’s buffer {130
mM NaCl containing 5 mM KCI, 1.4 mM CaCl,, 1 mM MgCl,
5.6 mM glucose, 10 mM HEPES, NaOH, pH 7.3, and 0.1% bo-
vine serum albumin) for 45 min at room temperature and then
washed in modified Tyrode's buffer. For Ca®* free conditions,
the buffer was replaced with Ca®* free medified Tyrode’s buffer
containing 0.3 mM EGTA, Fluorescent intensities were mea-
sured, at an excitation wavelength of 340 or 380 nim and an enus-
sion wavelength of 510 nm, with a fluorescence spectrometer
{CAF-100; Jasco) as described previously (19).

Treatment with Various Kinase Inhibitors. BMMUCs were
treated for the indicated periods with various kinase inhibitors at
the concentrations indicated, before the addition of IgE. Protein
kinase C (PKC) inhibitors: Staurosporine (10 min,  pM), H7
(30 min, 0.1 mM), chelerythrine chloride (60 min, 10 pM),
G56976 (60 min, 10 uM}, PKC inhibitors 19-27, myristoylated
peptide (60 min, 0.1 mM), Ro-32-0432 (60 min, 1 pM), and
bisindolylmaleimide (25 min, 1 wM); tyrosine kinase inhibitors:
herbimycin A (30 min, 1.5 pM), genistein (30 min, 0.1 mM),
PP2 (10 min, 10 M), and PP3, an mactive analogue of PP2 {10
min, 10 pM); other inhibitors: H89 (protein kinase a [PKA], 30
min, 10 M), PD98059 (mitogen-activated protein kinase
[MAPK]/ERK kinase [MEK], 30 min, 50 pM), SB203580 (p38,
30 min, 10 pM), LY 294002 (phospheinositide 3 {P13]-kinase, 30
min, 50 pM), wortmannin (PI3-kinase, 15 min, 0.1 wM), and
W7 (calmodulin, 30 min, 10 M),

Immunoprecipitation and In Vitro Kinase Assay for Lyn.  Cells
were incubated in the presence or absence of 3 pg/ml anti-DNP
IgE for 5 min. In the experment of antigen stimulation, cells
were incubated with 1 pg/ml anti-DNP IgE for 12 h and then
stimulated by the addition of antigens (30, 100, and 300 ng/ml
DNP-human serum albunun) for 5 min. Immunoprecipitation
with an agarose-conjugated anti-Lyn antbody (20 pg/ml) was
performed as described previously (18) in the presence of 1 mM
sodium vanadate. The resultant precipitate was washed four times
with the RIPA buffer followed by two times of washing with 20
mM HEPES-NaQH, pH 8.0, containing 15¢ mM NaCl, 10 mM
magnesium acetate, and 20 mM MnCl, (kinase assay buffer). The
precipitate was incubated in kinase assay buffer containing 10 pM
ATP in the presence of 10 pCi [y-2PJATP for 5 min at 30°C.
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Immunoblot analyses were also performed as described above us-
ing an anti-Lyn mouse monoclonal antibody (1:200) to confim
an equal amount of precipitated Lyn.

Results

Induction of Histamine Synthesis by IgE in the Absence of An-
tigen.  We found significant increases in the HDC activity
of BMMCs upon sensitization with IgE. Among the vari-
ous types of [gG and IgE, only anti-DNP IgE drastically in-
duced HDC activity in BMMOCs in the absence of antigen
6 h after stimulation (Table 1). Both the anti-DINP IgG and
the polyclonal IgG mixture were unable to increase the
HDC activity of BMMCs. IgE has been shown to bind to
the Fe receptors for [gG (FoyRII and FeyRII), in addition
to FceR1 in mouse BMMCs (20), and JgE-mediated sys-
temic anaphylaxis has been shown to be enhanced in Fe-
YR Il-deficient mice whereas being attenuated in FeyRIII-
deficient mice (21). Blockage of these FcyRs with the
2.4G2 antibody has no effect on the increase in HDC ac-
tivity induced by IgE. The HDC activity of BMMCs in-
creased dose dependently by anti-DNP IgE treatment, and
plateau levels were reached at >3 pg/ml anti-DNP IgE
(data not shown). Northern blot analyses revealed that this
induction occurs in the transcriptional level and a >10-fold
increase was observed by the addition of 3 pg/ml anti-
DNP IgE (Fig. 1 B). This induction of HDC in BMMC;s
was found to be transient. A significant increase in the
HDC activity was first observed 2 h after the addition of
anti-DNP IgE, and a maximal level of HDC activity was
obtained 6 h after the addition of anti-DNP IgE (Fig. 1 A).
A significant increase in HDC mRNA expression was ob-
served 1 h after stimulation with anti-DNP IgE (Fig. 1 B).
Cellular histamine content significantly increased at a later
phase (12 h) with an approximately fourfold increase in his-
tamine content being detected 24 h after the addition of
anti-DNP IgE (Fig. 1 A). Immunocblot analyses using an
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HDC. Note that the 53-kD> form is undetectable.

anti-HDC antibody revealed that the dominant form of
HDC induced in the BMMCs was the 74-kD form (Fig. 1
C). The 53-kD form of HDC, which we previously re-
ported to be found in a rat mast cell ine (18), was hardly
detectable in the BMMCs both in the presence and absence
of anti-DNP IgE (Fig. 1 C).

Table I. Increase in HDC Activity Induced by IgE or Various
Activators of the Ca**—PKC Pathway

HDC activity

pmol/min/mg protein

None 313+ 1.68
Anti-DNP IgE 652 * 54.8
Anti-DNP IgG 5.80 * 1.95
Polyclonal 1gG 1.43 = 1.00
Anti-DNP IgE + 2.4G2 626 * 46.2°
IgE/antigen 389 + 103+
Thapsigargin 618 = 162
TPA 96.3 £ 23.3
A23187 1,240 £ 118

BMMCs were cultured in the presence of an and-DNP IgE (3 pg/ml),
an anti-DNP IgG (3 pg/ml), purified polyclonal 1gG (3 pg/mi),
thapsigargin (100 rM), TPA (10 nM}, and A23187 (0.3 pM) for 6 h at
37°C. Blocking of FeyRII and FeyR1II was performed by pretreatment
with the 2.4G2 antibody (10 pg/ml) for 10 min. In the experiment of
antigen stimulation (EgE/antigen), BMMCs were incubated in the
presence of 1 pg/ml anti-DNP IgE for 24 h at 37°C, washed, and then
incubated with 30 ng/mi DNP-human serurn albumin for 6 h. The
concentration of each reagent was optimized in preliminary experiments
to obtain its maximal effect. The values obtained are represented as the
means * SEM (n = 3}.

AP << 0.01 is regarded as significant by the Student’s ¢ test {vs. None).
bp < (.05 is regarded as significant by the Student’s r test {vs. Anti-
DNF IgE).
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Reguirement of Extracellular Ca®* Influx for the Induction of
HDC mRNA. As monomeric IgE has been found to
increase cytoplasmic Ca?* levels in BMMUCs (9), the ef-
fect of extracellular Ca?* on the induction of HDC
mRINA by anti-DNP IgE was investigated. Induction of
HDC mRNA by anti-DNP IgE was completely sup-
pressed by the depletion of extracellular Ca?* (Fig. 2 A).
The addition of anti-DINP IgE caused an increase in cy-
tosolic Ca®*, which was completely suppressed by
pretreatment with a phospholipase ¢ (PLC) inhibitor,
U73122 (Fig. 2 B). The increase in cytosolic Ca?T in-
duced by anti-DNP IgE was sustained for a longer pe-
riod compared with that induced by antigen stimulation.
U73343, an inactive analogue of U73122, was unable to
suppress the increase in cytosolic Ca?* induced by both
the addition of anti-DNP-IgE and antigen stimulation.
A slight increase in cytoplasmic Ca®* by anti-DNP IgE
wis also observed in the absence of extracellular Ca®t,
which was also attennated by pretreatment with U73122
(Fig. 2 C).

Effects of 12-O-Tetradecanoyl Phorbol 13-Acetate, Thapsigar-
gin, and A23187 on the Induction of HDC. The cffects of
various activators of the Ca?*-PKC pathway on the induc-
tion of HDC activity were investigated. A phorbol ester,
12-O-tetradecanoyl phorbol 13-acetate (TPA), which is
known to be an activator of PKC, slightly but significantly
induced HDC activity in the BMMCs, whereas thapsigar-
gin, an inhibitor of the Ca?*-ATPase in the endoplasmic
reticulum, and A23187, a calcium ionophore, drastically
increased HDC activity in the BMMCs, to levels compara-
ble to those induced by anti-DINP IgE (Table I). Cross-
linking of the FceRI with multivalent antigens also caused
the induction of HDC, and this inducible effect was
smaller than that induced by IgE alone (Table I). The ac-
cumulation of HDC mRNA in the cells activated by anti-
gen stimulation was also observed but was smaller than that
observed in cells treated with anti-DNP IgE alone (data
not shown).

A B
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Effects of Various Kinase Inhibitors on HDC Expression In-
duced by IgE.  The effects of an array of kinase inhibitors
on the induction of HDC were investigated. PKC inhibi-
tors, such as staurosporine, H7, and G66976, significantly
suppressed the increase of HDC activity and mRINA ex-
pression whereas the other PKC inhibitors did not (Fig. 3,
A and C). Chelerythrine moderately suppressed the in-
crease in HDC activity but not the increase in mRINA ex-
pression. Inhibitors of PKA {H89), MEK (PI298059), p38
{SB203580), calmodulin (W7), and PI3-kinase (LY294002,
and wortmannin) were all ineffective in suppressing the in-
duction of HDC activity (Fig. 3, A and B). The Src family
protein tyrosine kinase inhibitors, herbimycin A and PP2,
had a modest inhibitory effect on the induction of HDC
{Fig. 3, A and D). All the other inhibitors tested were inef-
fective in inhibiting the induction of HDC.

Absence of Lyn Activation.  As the protein tyrosine kinase
Lyn has been found to play critical roles in the early events
induced by the cross-linking of the FceRlI (22), in vitro ki~
nase assay for Lyn was pedformed in BMMCs. A significant
increase in [**P) incorporation was observed in the bands,
of which molecular mass was 53 and 56 kD, concentration
dependently by antigen stimulation, whereas no changes
were seen upon treatment with anti-DNP IgE alone (Fig.
4). Immunoblot analyses using an anti-Lyn antibody indi-
cated that each immunoprecipitate contained the same
amounts of Lyn.

Discussion

We have demonstrated that IgE is able to induce hista-
mine synthesis in mouse BMMCs even in the absence of
antigen. Recent research has clearly demonstrated that mo-
nomeric [gE activates mouse BMMCs exclusively via their
FceR1 (10, 11). We performed this study using the same
commercial IgE preparation (SPE-7; Sigma-Aldrich) as
these previous studies. Stimulation of FeyRII and FeyRII!
by anti-DNP IgG or by polyclonal IgG caused no signifi-

Figure 2. Requirement of exeracellular
Ca?* for the induction of HDC by IgE. (A)
BMMCs were incubated in PIPES buffer
with (Ca**) or without Ca®* (Ca®*-free)
for 90 min in the presence (black bars) or
absence (white bars) of 3 pg/ml and-DNP
IgE. The cells were then harvested and
Northern blot analyses were performed.
The relative intensities of the hybridized
bands are demonstrated as described in the
legend to Fig. 1. This is a representative fig-
ure of three independent experiments
showing stmilar results. (B and C) Ca®* in-
flux induced by anti-DNP IgE was com-
pared with that induced by antigen stimula-
ton. BMMCs were loaded with 2 pM
Fura-2/AM in medified Tyrode's buffer in
the presence (B} or absence (C) of Ca?* as
described in  Matedals and  Methods.

—

U73122 or U73343 (3 pM) was added (U) 3 min (C) or 7 min (B) before the stimulation. (Left panels) Stimulation with anti-DNP IgE (10 wg/ml)
added to the culture. {Right panels) Stimulation with antigen (Ag, DNP-human serum albumin, 30 ng/ml) after 12 h of sensitization with anti-DNP IgE

(1 pg/ml).
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cant changes in HDC activity. Furthermore, blocking of
these FcyRs by the 2.4G2 antibody did not alter the activa-
tion of HDC by IgE, indicating that FeyRII and FeyRIII
may not be involved in the induction of HDC. Intracellu-
lar histamine content was significantly increased 12 h after
the addition of IgE. As prolonged treatment of BMMC
with monomeric IgE has been reported to enhance the de-
gree of degranulation by antigen stimulation (8), the in-
crease in the amount of stored histamine by monomeric
IgE in our study indicates that prolonged sensitization of
mast cells with IgE may lead to an enhanced release of his-
tamine. Regarding HDC protein expression in BMMCs,
the 74-kD precursor form of HDC was the dominant form
detected. We previously demonstrated that the 74-kD

Antigen stimulation

None IgE ] 30 100 300

(ng/ml)
g W W A

kinase assay

e

anti-Lyn

Figure 4. Absence of enzymatic activation of Lyn upon treatment with
1gE. Enzymatic activation of Lyn following IgE sensitization was mea-
sured. BMMCs were incubated with anti-DNP IgE (IgE, 3 pg/ml) for 5
min. In the experiment of antigen stimulation, cells were sensitized with
anti-DNP IgE (1 pg/m)) for 12 h and then incubated with DINP-human
serum albumin (0, 30, 100, 300 ng/md) for 5 min. In vitro kinase assay us-
ing [y-**P]ATP was performed as described in Materials and Methods.
Immunoblot analyses were also performed using an anti-Lyn antibody
(1:200) to confirm an equal amount of precipitated Lyn. The arrows indi-
cate Lyn tyrosine kinase, which is detected as two bands with molecular
mass of 53 and 56 kD.
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Figure 3. Effects of various kinasc inhibi-
tors on the induction of HDC by IgE.
BMMCs were pretreated with various ki-
nase inhibitors as described in Materials and

+IgE

Methods. The cells were further incubated
in the presence or absence of 3 pg/ml anti-
DNP IgE for 3 h (for Northern blot) or 6 h
(for HDC activity). (Top panels) HDC ac-
tivity of the cells is presented, The values
are represented as the means £ SEM (n =
3). {Bottom panels) HDC mRNA accumnu-
lation in the cells were measured by North-
ern blot analyses. The relative intensities of
the hybridized bands arc demonstrated as
described in the legend to Fig. t. This is a
representative figure of three independent
experiments showing similar results.

form of HDC is present in the cytosol as an enzymatically
active form {18) and is degraded via the ubignitin-protea-
some pathway (23). In BMMC:s treated with IgE, the rapid
disappearance of the 74-kD form may be due to its rapid
degradation via the ubiquitin—proteasome system.

Qur results showing the lack of an increase in HDC ex-
pression in the absence of extracellular Ca®* indicate that
the induction of HDC requires the influx of extracellular
Ca?*. Indeed, addition of IgE to BMMCs caused a signifi-
cant increase in cytoplasmic Ca®*. Although such a sus-
tained increase of cytosolic Ca?* has previously been re-
ported (9), it has been unclear as to which signaling
pathway 1s involved in this Ca®* increase. In our experi-
ments, a PLC inhibitor, U73122, completely inhibited the
increase in cytosolic Ca?*, indicating that PLC may be ac-
tivated upon stimulation with IgE even in the absence of
antigen. Although a slight increase in cytoplasmic Ca®* by
IgE was observed in the absence of extracellular Ca*, it is
likely that the sustained influx of extracellular Ca®* is es-
sential for the induction of HDC by monomeric IgE. Re-
cently, it has been reported that thapsigargin induces HDC
in a mouse macrophage cell line, via the activation of ex-
tracellular signal-regulated kinase (ERK; reference 24). In
this study, we also confirmed that A23187, TPA, and
thapsigargin induce HDC activity in BMMCs. TPA was
able to induce HDC activity, but the degree of induction
was much lower than that induced by IgE. These observa-
tions suggest that the influx of extracellular Ca?* may play
a crucial role in the induction of HDC in addition to acti-
vation of PKC. Evaluation of the effects of vanous PKC
inhibitors on the induction of HDC by IgE suggests that
this induction may be mediated by Ca?*-dependent PKC,
as G56976 has been reported to be a selective inhibitor for
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Ca?*-dependent PKC isozymes (25). However, as the
other PKC inhibitors, such as bisindolylmaleimide and Ro-
32-0432, were found to be ineffective, we cannot exclude
the possibility that another PKC-like kinase is involved in
the induction of HDC.

IL-6 production induced by monomeric IgE has been
found to be inhibited by a PI-3 kinase inhibitor,
LY294002, a MEK inhibitor, PD98059, and a p38 inhibi-
tor, SB203580 (10). Although we have also observed these
inhibitory effects on the IL-6 production under similar
conditions to the previous report (3 pg/ml IgE, 3 h, con-
trol; 5.47 * 0.634, + LY294002; 0 = 0, + PD98059; 1.06 =
0.164, + SB203580; 1.40 = 0.193 ng/10°¢ cells, n = 6),
HDC induction by IgE was not suppressed by these inhibi-
tors. These results indicate that signaling pathways involved
in the induction of HDC and IL-6 are different, although
both genes are induced by monomeric IgE in BMMCs. In-
duction of histamine synthesis in BMMGCs was also found
to be stimulated by antigen stimulation, as well as IL-6 pro-
duction is. It remains to be clarified as to why histamine
synthesis and IL-6 production is induced via IgE both in
the presence and absence of antigen. One possible explana-
tion is that the two pathways of HDC induction may occur
in a different context of mast cell differentiation.

The partial suppression of HDC induction by herbimy-
c¢in A and by PP2 indicates the involvement of Src family
tyrosine kinases including Lyn, although stimulation with
IgE did not augment the enzymatic activity of Lyn. This
observation suggests that Src family tyrosine kinase other
than Lyn may be involved in the induction of HDC. The
inhibitory effect of a PLC inhibitor, U73122, indicates that
PLC may be involved in the increase in cytosolic Ca®* by
IgE, although the signaling pathway responsible for the ac-
tivation of PLC remains unknown, Further analyses on the
pathways downstream of FceRI activation, including the
identification of the PKC isozyme activated by monomeric
IgE, should be required.

In summary, we have demonstrated that monomeric IgE
can induce histamine synthesis in BMMCs in the absence
of its antigen. This induction requires the influx of extra-
cellular Ca?* and may be mediated by PKC.

We thank Ms A, Popiel for her help in preparation of the manu-
script,

This study was supported by grants-in-aid for Scientific Re-
search from the Ministry of Education, Science, Sports and Cul-
ture, Japan.

Submitted: 7 December 2001
Revised: 20 May 2002
Accepted: 13 June 2002

References

1. Metcalfe, D.D., D. Baram, and Y.A. Mekori. 1997. Mast
cells. Physiol. Rev. 77:1033-1079.

2, Costa, J.J., P.F. Weller, and S]J. Gaili. 1997. The cells of
the allergic response. Mast cells, basophils, and ecsinophils.
JAMA. 278:1815-1822.

234

10.

11.

12,

13.

14,

15.

16.

17.

18.

19,

_72"

. Mekori, Y.A., and D.D. Metcalfe. 2000, Mast cells in innate

immunity. Immunel. Rev. 173:131-140.

- Kinet, J.-P. 1999. The high-affinity IgE receptor (FceRlI):

from physiology to pathology. Annu. Rev. Immunol, 17:931-
972.

- Furuichi, K., J. Rivera, and C. Isersky. 1985. The receptor

for immunoglobulin E on rat basophilic leukemia cells: effect
of ligand binding on receptor expression. Proc. Nail. Acad.
Sa. USA. 82:1522-1525.

- Quarto, R., J.-P. Kinet, and H. Metzger. 1985. Coordinate

synthesis and degradation of the alpha-, beta- and gamma-
subunit of the receptor for immunoglobulin E. Mol. Immunol.
22:1045-1051.

. Hsu, C., and D. MacGlashan, Jr. 1996. IgE antibody up-reg-

ulates high affinity IgE binding on murine bone marrow de-
rived mast cells, Immunol. Lett. 52:129~134.

. Yamaguchi, M., C.S. Lantz, H.C. Oettgen, LM, Katona, T.

Fleming, K. Yano, I. Miyajima, J.-P. Kinet, and $J. Galli.
1997. IgE enhances mouse mast cell FceRI expression in
vitro and In vivo: evidence for a novel amplification mecha-
nism in IgE~dependent reactions. J. Exp. Med. 185:663—672.

. Huber, M., C.D. Helgason, J.E. Damen, L. Liu, R.K.

Humphries, and G. Krystal. 1998. The stc homology 2-con-
taining inositol phosphatase (SHIP) is the gatekeeper of mast
cell degranulation. Proc. Nad, Acad. Sci. USA. 95:11330~
11335,

Kalesnikoff, J., M. Huber, V. Lam, J.E. Damen, J. Zhang,
R.P. Shiraganian, and G. Krystal. 2001. Monomeric IgE
stimulates signaling pathways in mast cells that lead 1o cyto-
kine production and cell survival. Immuniry. 14:801-811.
Asat, K., J. Kitaura, Y. Kawakami, N, Yamagata, M. Tsai,
D.P. Carbone, F. Liu, $]. Galli, and T. Kawakami. 2001,
Regulation of mast cell survival by IgE. Immunity, 14:791—
800.

Chmon, E., T. Fukui, N. Imanishi, K. Yatsunami, and A.
Ichikawa, 1990. Purification and characterization of L-histi-
dine decarboxylase from mouse mastocytoma P-815 cells. J.
Biochem. 107:834-839.

Yamamoto, ], K. Yatsunami, E. Ohmon, Y. Sugimoto, T.
Fukui, T. Katayama, and A. Ichikawa. 1990. cDNA-derived
amino acid sequence of L-histidine decarboxylase from
mouse mastocytoma p-815 cells. FEBS Lett. 276:214-218.
Ring, ]J., T. Senter, R.C, Cornell, C.M. Arroyave, and E.M.
Tan. 1979. Plasma complement and histamine changes in
atopic dermatitis. Br. J. Dermatol. 100:521-530.

Ring, J. 1983. Plasma histamine concentrations in atopic ec-
zema. Clin. Allergy. 13:545-552,

Asahara, M., S. Musiake, S. Shimada, H. Fukui, Y. Kinoshita,
C. Kawanami, T. Watanabe, S. Tanaka, A. Ichikawa, Y.
Uchiyama, et al. 1996. Reg gene expression is increased in
rat gastric enterochromaffin-like cells following water im-
mersion stress. Gastroenterology. 111:45-55.

Rottem, M., |.P. Goff, J.P. Albert, and D.D. Metcalfe. 1993,
The effects of stem cell factor on the ultrastructure of FceRI*+ °
cells developing in IL-3-dependent mutine bone marrow-
derived cell cultures. f. Immunol. 151:4950-4963,

Tanaka, S., K. Nemoto, E. Yamamura, and A. Ichikawa.
1998. Intracellular localization of the 74- and 53-kDa forms
of L-histidine decarboxylase in a rat basophilic/mast cell line,
RBL-2H3. J. Biel. Chem. 273:8177-8182.

Grynkiewicz, G., M. Penie, and R.Y. Tsien. 1985. A new
generation of Ca?* indicators with greatly improved fluores-
cence properties. J. Biol. Chem. 260:3440-3450.

Histamine Synthesis Induced by Monomeric IgE in Mast Cells



20.

21.

23,

Takizawa, F., M. Adamczewski, and J.-P. Kinet. 1992, Iden-
tification of the low affinity receptor for immunoglobulin E
on mouse mast cells and macrophages as FeyR1l and Fe-
YRUIL J. Exp. Med. 176:469-476.

Ujike, A., Y. Ishikawa, M. Ono, T. Yuasa, T. Yoshino, M.
Fukumoto, ].V. Ravetch, and T. Takai. 1999. Modulation of
immunoglobulin  (Ig)E-mediated systemic anaphylaxis by
low-affinity Fc receptors for IgG. J. Exp. Med. 189:1573~
1579.

2. Turner, H., and J.-P. Kinet. 1999. Signaling through the

high-affinity 1gE receptor FceRE Nature, 402:B24-B30.
Tanaka, S., K. Nemoto, E. Yamamura, S. Ohmura, and A.
Ichikawa. 1997. Degradation of the 74 kDa form of L-histi-

235 Tanaka et al.

_73_

dine decarboxylase via the ubiquitin-proteasome pathway in
a rat basophilic/mast cell line (RBL-2H3). FEBS Lett. 417:
203-207.

. Shiraishi, M., N. Hirasawa, Y. Kobayashi, . Oikawa, A.

Murakami, and K. Qhuchi. 2000. Participation of mitogen-
activated protein kinase in thapsigargin- and TPA-induced
histarmine production in murine macrophage RAW264.7
cells. Br. J. Pharmacol. 129:515-524.

23. Martiny-Baron, G., M.G. Kazanietz, H. Mischak, P.M.

Blumberg, G. Kochs, H. Hug, I). Marme, and C. Schach-
tele. 1993, Selective inhibition of protein kinase C isozymes
by the indolocarbazole Go 6976. J. Biol. Chen. 268:9194-
9197.



[CANCER RESEARCH 62. 28-32, Janvary 1. 2002]

Advances in Brief

Involvement of Prostaglandin E Receptor Subtype EP, in Colon Carcinogenesis’

Michihiro Mutoh,?> Kouji Watanabe,> Tomohiro Kitamura, Yutaka Sheji, Mami Takahashi, Toshihiko Kawamori,
Kousuke Tani, Michiyoshi Kobayashi, Takayuki Maruyama, Kaoru Kobayashi, Shuichi Ohuchida,
Yukihiko Sugimoto, Shuh Narumiya, Takashi Sugimura, and Keiji Wakabayashi®

Cancer Prevention Division, National Cancer Cemer Research Institute, Tokvo 104-0045, Japan (M. M., K. Wur, T. Kir, ¥. 5. M. T, T. Kaw., T. 8., K. Wak.J; Minase Research
Institute, Ono Pharmacewrical Co. Lid., Osaka 618-8585, Jupun [K. T.. M. K., T. M., K. K., 5. O.]: Depariment of Physiotogical Chemistry, Faculty of Pharmacewutical Sciences,
Kyoto Universiry, Kyoto 606-8315, Japan [Y. 8.]; and Department of Pharmacology, Faculty of Medicine, Kyote University, Kyote 606-8315, Japan {S. N.|

Abstract

Accuomulating evidence indicates that overproduction of prostanoids
attributable to overexpression of cyclooxygenase-2 (COX-2) plays an im-
portant role in colon carcinogenesis. We have shown recently that the
prostaglandin (PG) E receptor, EP,, but not EP,, is invelved in mouse
colon carcinogenesis. In line with our previous study, here we examined
the role of prostancid receptors in colon carcinogenesis using six addi-
tional lines of knockout mice deficient in prostanoid receptors EP,, EP,,
DP, FP, IP, or TP. The animals were treated with the colon carcinogen,
azoxymethane (AOM), and examined for the development of aberrant
crypt foci (ACFs), putative preneoplastic lesions in the colon. Fermation
of ACFs was decrveased only in the EPknockout mice, to 56% of the
wild-type level. To confirm these results, we also examined the inhibitory
effects of an EP -selective antagonist, ONO-AE2-227, in the diet on the
formation of AOM-induced colon ACFs in C57BL/6Cr mice and on the
development of intestinal polyps in Min mice. ONQ-AE2-227 at a dose of
400 ppm reduced the formation of ACFs to 67% of the control level, and
intestinal polyp numbers in Min mice receiving 300 ppm were decreased
to 69% of the control level, Plating efficiency assays showed that addition
of 1.0 pm ONO-AE1-329, an EP,-selective agonist, resulted in a 1.8-fold
increase in the colony number of the human colon cancer cell line, HCA-7,
similar to the effect of PGE,. Moreover, EP, mRNA expression was
clearly observed in normal colon mucosa and colon tumors in mice, Our
previous and present results indicate that PGE, contributes to colon
carcinogenesis through its actions mediated through EP, and EP, recep-
tors; therefore, antagonists for these two receptors may be good candi-
dates as chemopreventive agents against colon cancer.

Introduction

Clear benefits have been reported with NSAIDs* as chemopreven-
tive agents against colon carcinogenesis (1, 2). NSAIDs inhibit arachi-
donic acid metabolism viz actions on COX, a rate-limiting enzyme in
the synthesis of PGs, which affect cell proliferation, tumor growth,
apoptosis, and immune responsiveness. The presence of two isoforms
of COX has been demonstrated—a constitutive enzyme, COX-1, and
an inducible enzyme, COX-2—and a number of cbservations have
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suggested that increased activity of this latter plays a critica! role in
colon carcinogenesis {1-6). Recently, it was reported that genetic
disruption of COX-I, as well as of COX-2, significantly reduces
intestinal polyp formation in Min mice having a nonsense mutation in
the Apc gene (7), so that COX-1 is also suggested to be involved in
colon carcinogenesis to some extent.

When considering the possible mechanisms for the chemopreven-
tion of colorectal cancer by NSAIDs, account must be taken of
possible PG-independent mechanisms. Studies have shown that
NSAIDs cause an increase in cellular arachidonic acid and stimulate
the production of sphingomyelinase, resulting in hydrolysis of sphin-
gomyelin to ceramide, which promotes apoptosis of tumor cells (8).
Recently, the potential involvement of peroxisome proliferator-acti-
valed receptor & as a adenomatous polyposis coli-regulated target of
NSAIDs in colon cancer was demonstrated (9). Moreover, NSAIDs
can up-regulate the prostate apoptosis response 4 gene, a proapoptotic
gene, in human colon carcinoma HCA-7 cells (10).

On the other hand, the most striking chemopreventive effects of
NSAIDs are thought 10 be attributable to inhibition of COX with a
resultant decrease in PG production. However, it is not fully clear
what the legitimate molecular target of PGs is. Prostanoids such as
PGE,, PGD,, PGF,,, PGI, and thromboxane A, exert their biological
actions through binding to eight specific membrane receptors; the four
subtypes EP, to EP, for PGE,; DP for PGD.; FP for PGF,,; IP for
PGL,; and TP for thromboxane A, (11, 12). The recent establishment
of mice lacking the gemes encoding these receptors (13-18) has
enhanced our understanding of the involvement of prostanoids and
their receptors in the development of colon cancer. In previous studies
(19, 20), we demonstrated that PGE, contributes to colon carcinogen-
esis through its binding to the PGE, receptor subtype EP, using a
genetic approach in EP,-knockout mice and a pharmacological as-
sessment with the EP,-selective antagonists, ONO-8711 and ONO-
8713. The same approach using EP,-knockout mice indicated that the
deficiency of EP, receptor has no effect on colon carcinogenesis (19).

The present study was conducted to examine the development of
ACFs in six additional lines of mice lacking EP,, EP,, DP, FP, IP, or
TP. Our results indicate a requirement for the EP, receptor in ACF
formation by AOM. To confirm these data, we also examined the
inhibitory effects of an EP,-selective antagonist on the formation of
colon ACFs induced by AOM in C57BL/6Cr mice and on the devel-
opment of intestinal polyps in Min mice. Moreover, we determined
EP, mRNA expression in colonic tissues of mice and examined cell
proliferative effects of EP, receptor activation using an EP,-selective
agonist, On the basis of the results obtained, the role of EP, receptor
in colon carcinogenesis is discussed.

Materials and Methods

Animals. Male C57BL/6Cr mice were purchased from Japan SLC, Inc.
(Shizuoka, Japan) at 5 weeks of age and female C57BL/6J-Min/+ mice (Min
mice) from The Jackson Laboratory (Bar Harbor, ME) at 6 wecks of age. The
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mouse genes encoding each of the six prostancid receptors, EP,, EP,, DP, FP,
IP, and TP, were disrupted by a gene knockout method using homologous
recombination, as reported previousty {13, 15-18). The generated chimeric
mice were mated with C57BL/6Cr mice to produce heterozygotes for the
respective alleles. The heterozygotes were backerossed with C57BL/6Cr mice
to exclude possible effects of genetic background. The resulting heterozygous
male mice were intercrossed, and the F, progeny of the wild-type and ho-
mozygous mutant mice were used at 9 {EP,, FP, IP, and TP} or 13 (DP) weeks
of age. In the case of the EP4-knockout mice, chimeric mice were mated to
CS57BL/6Cr mice, and homozygous mutants were obtained by interbreeding of
the resulting agouti offspring. Most EP,-deficient neonates with 129 X C57BL
background become lethargic within 72 h after birth because of a patent ductus
arteriosus, and <5% survive and grow normally (16). We used male EP,-
knockout mice that survived for analysis of ACF formation starting at 7 weeks
of age. Genotypes of the knockout mice were confirmed by PCR according to
the method described previously (13, 15-18). The animals were housed in
plastic cages at 24 * 2°C and 55% relative humidity with a 12/12-h light/dark
cycle. Water and basal diet (AIN-76A; Bio-Serv, Frenchtown, NIJ or experi-
mental diets, with addition of an EP,-selective antagonist at the indicated
concentrations with tharough mixing, prepared every week, were given ad
libitum. Body weights and food intake were measured weekly. The experi-
mental protocol was approved by the Institutional Ethics Review Committee
for animal experimentation.

AOM-induced ACF Formation in Prostanoid Receptor-Knockout
Mice. EP,, EP,, DP, FP, IP, and TP-knockout [EP, ™" (male, n = 7), EP,™""
(male, n = 10), DP™'~ (female, # = 11), FP™" (male, n = 9), IP™'~ (male,
n = 10, and TP~/ (male, n = 11)] mice and counterpart wild-type mice
(n = 7-11/group) were treated with AOM (Sigma Chemical Co., St. Louis,
MO) at a dose of 10 mg/kg body weight i.p. once a week for 3 weeks. All mice
were sacrificed 5 weeks afler the first dose of AOM. After laparotomy, the
entire colons were resected and filled with 10% neutral buffered formalin and
then opened longitudinally from the anus to the cecum. Each was fixed fat
between sheets of filter paper in 10% neutral buffered formalin and then
stained with 0.2% methylene blue in saline and scored under a light micro-
scope for the number of ACFs/colon, number of ACs/colon, and mean number
of ACs/focus according to the procedure of Bird (21).

The Selective EP, Antagonist, ONO-AE2-227, The selective EP, recep-
tor antagonist, ONQ-AE2-227, was chemically synthesized at Ono Pharma-
ceutical Co., Ltd, Receptor binding experiments with this compound were
conducted using Chinese hamster ovary cell lines, stably expressing each type
of mouse prostanoid receptor. The Ki values were found to be 2.7 nm for the
mouse EP, receptor and 21 nm for mouse EP; receptor. The Ki values for the
other receptors, mouse EP,, EP,, DP, FP, IP, and TP receptors were >>1000
times higher than that for the mouse EP, receptor. Analysis of ils agonistic and
antagonistic actions showed the compound to act as a potent and competitive
antagonist to the EP, receptor: it inhibited PGE; (100 nM)-induced increase in
cytosolic cAMP concentration with a median inhibitory concentration of 10
nM., ONO-AE2-227 also acted as a relatively weak antagonist 1o the EP,
receptor; it inhibited the PGE, (10 nm)-induced increase in cytosolic calcium
concentration with an ICg of 160 nM. Details for the chemical synthesis and
biological activities of ONO-AE2-227 will be reported elsewhere. By high
performance liquid chromatography, ONO-AE2-227 was confirmed to be
stable for at least 4 weeks at ambient temperature in the diet.

Effects of ONO-AE2-227 on Formation of AOM-induced ACF in
CS7BL/6Cr Mice and Intestinal Polyps in Min Mice. C57BL/6Cr male
mice, 6 weeks of age, were given i.p. injections of AOM or the vehicle, as
described in the experiments for the different lines of prostanoid receptor-
knockout mice. The mice in the EP,-selective antagonist-treated groups were
fed diets containing 100 or 400 ppm of ONO-AE2-227 starting the day before
the first AOM dosing until the end of the experiment at week 5. Numbers of
AOM-injected mice were eight for each group, and those for vehicle-injected
mice were three for the 400 ppm of experimental diet groups and three for the
control diet group. ACF in the colon of mice were assessed as described above.

Groups of 10 female Min mice were fed diet containing ONO-AE2-227 or
basal diet from 6 weeks of age until the termination of the experiment 7 weeks
thereafter. It is expected that C57BL/6Cr mice are generally much resistant o
chemical treatment than Min mice. In addition, the experimental period with
Min mice was longer than that of ACF induction in the experiment with
C57BLJ6Cr. Therefore, the dose of 300 ppm of ONO-AE2-227 was chosen for
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the experiment. After sacriftce and laparotomy, the entire intestinal tract was
resected, filled with 10% neutra) buffered formalin, and divided into four
sections: the colon and three sections of the small intestine, including the
proximal {(~4 ¢m from the pylorus ring of stomach), middle (the proximal half
of the remainder), and distal parts. These sections were opened longitudinally
and fixed fat between sheets of filter paper in 10% neutral buffered formalin,
and the numbers and sizes of polyps were determined under a stereoscopic
microscope.

Effects of ONO-AE1-329 and PGE, on Colony Formation of HCA.7
Cells. HCA-7 colony 29, a human colon adenocarcinoma cell ling, was kindly
provided from Dr. Susan Kirkland (Imperial College of Science, Technology
and Medicine, London, United Kingdom). The cells were maintained in
DMEM supplemented with 10% heat-inactivated FBS (Hyclone Laboratories,
Inc., Logan, UT) and antibiotics (100 ug/ml of streptomycin and 100 units/ml
of penicillin) at 37°C in 5% CO,. The numbers of HCA-7 cell colonies were
counted as described previously (22) with slight modifications. In brief,
HCA-7 cells were plated in 6-cm cell culture dishes at a density of 1000
cells/dish, with DMEM containing 10% FBS. The selective EP, receptor
agonist, ONO-AE1-329 (23), or PGE, (Cayman Chemical Co., MI} was added
daily to setected cells, and the medium was also replaced every day. Cells were
incubated for 14 days, and then colonies were visualized by staining with 0.2%
methylene blue and counted manually.

Analysis of EP, Expression by RT-PCR in Colon Cancer Sampies from
AOM:-treated Mice. Male C57B1/6] mice (CLEA Japan, Inc., Tokyo, Japan)
at 7 weeks of age were i.p. injected with 10 mg/kg body weight of AOM once
a week for a total of six times 10 obtain many colon tumors, as described
previousty (3), and sacrificed at 50 weeks after the first injection. Their colons
were removed, and one half of each of five colon tumors and five neighboring
normal mucosa samples were immediately frozen, stored at —80°C, and used
for RT-PCR analyses. The samples were sonicated, and total RNAs were
isolated using ISOGEN (Nippon Gene Co., Tokyo, Japan). One-pg aliguets of
total RNA were subjected to the reverse transcription reaction using an RNA
LA PCR kit (Takara Shuzo Co., Shiga, Japan). Oligonucleotide primers
specific for mouse EP, (5'-TTCCGCTCGTGGTGCGAGTGTTC-3,; 5'-
GAGGTGGTGTCTGCTTGGGTCAG-3') were used for amplification of each
mRNA. All PCR reactions were performed in a final volume of 50 ul for 30
cycles. The PCR products were analyzed by 2% agarose gel electrophoresis.

Statistical Analysis. The data for ACF and polyp formation are expressed
as mean * SE, and their statistical analysis was carried out with the Student’s
¢ test. Differences were considered statistically significant at P < 0.05.

Results

ACF Development in Prostanoid Receptor-Knockout Mice. To
determine which prostanoid receptors might be involved in colon
carcinogenesis, we used a short-term in vive model using ACF for-
mation induced by AOM as the end point. The mean body weights of
the AOM-treated EP,-knockout mice were comparable with those of
AOM-treated wild-type mice. No abnormal clinical signs were ob-
served during the course of the experiment, and no change was
evident in organ weights including the liver, kidneys, and spleen
between the two groups. ACFs were noted in all animals treated with
AOM and were located mainly in the distal colon, with fewer numbers
in the middle colon and rectum. In wild-type (EP,*'*, n = 10) and
knockout (EP,™"~, n = 10) mice, the numbers of ACFs/colon were
14.6 = 20 and 82 * 1.4 (P < 0.05), and the mean numbers of
ACs/focus were 1.5 = 0.1 and 1.5 * 0.1, respectively. Thus, the
numbers of ACFs per colon in EP,-knockout mice were significantly
reduced to 56% of the wild-type value. Mice treated with saline
showed no evidence of ACF formation in either knockout or wild-type
mice.

Under the same conditions, the effects of deficiency of EP,, DP,
FP, IP, or TP receptors on formation of ACFs were examined. As with
the EP,-knockout mice, no abnormal changes in body or organ
weights were observed in knockout mice compared with wild-type
mice, except for a slight increase in spleen weights of IP-knockout
mice. There were no significant differences in the numbers of ACFs/
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colon in EP,, DP, FP, IP, and TP-knockout mice from those of their
wild-type counterparts. Moreover, the mean numbers of ACs/focus in
these receptor-knockout mice groups did not differ from those in the
wild-type mice. Fig. 1 summarizes the data for the effects of six
prostanoid receptor deficiencies on AOM-induced ACF in mice. For
reference, the results for EP|- and EP;-knockout mice, reported pre-
viously (19), are also included in Fig. 1.

Suppression of AOM-induced ACF Formation by the EP,-
selective Antagonist in CS7BL/6Cr Mice. To confirm a role for the
EP, receptor in colon carcinogenesis, we investigated the effects of
ONO-AE2-227, a selective EP, antagonist, on the formation of ACF
induced by AOM in C57BL/6Cr mice. Administration of diet con-
taining 100 or 400 ppm of ONO-AE2-227 did not affect the body and
organ weights in the AOM-injected groups. ACFs were observed in
all animals (n = 8 for each group) treated with AOM. Administration
of 400 ppm of ONO-AE2-227 to AOM-treated mice throughout the
experiment for 5 weeks significantly decreased the numbers of ACFs/
colon (8.3 = 1.1, P < 0.05) to 67% of that (12.4 * 2.0) for the
AOM-alone group. The mean numbers of ACs/focus in the two
groups were both 1.5 * 0.1. The numbers of ACFs/colon and the
mean numbers of ACs/focus in 100 ppm of the ONO-AE2-227 group
were 12.4 = 1.6 and 1.5 = (.1, respectively. Thus, administration of
100 ppm of ONO-AE2-227 did not affect ACF formation. No ACFs
were observed in vehicle-injected mice, with or without 4060 ppm
ONO-AE2-227.

Suppression of Intestinal Polyp Formation by the EP-selective
Antagonist in Min Mice. Administration of ONO-AE2-227 at a
dose of 300 ppm in the diet for 7 weeks did not affect the body
weights, feeding, or behavior of Min mice. Data for number and
distribution of intestinal polyps in the basal diet and ONO-AE2-227
groups are shown in Table 1. Most polyps were located in the small
intestine with only a few in the colon, Administration of ONO-AE2—
227 significantly reduced the total number of polyps to 69% of that in
the basal diet group. The number of polyps detected in the distal
portion of the small intestines was significantly lower (65% of the
basal diet group value), and that in the middle portion was also lower
(74% of the basal diet group value), although this was not statistically
significant. Fig. 2 shows the size distributions of intestinal polyps in
the basal diet and ONQ-AE2-227-treated groups. Treatment with the
EP,-selective antagonist significantly reduced the number of polyps

120

100 4

% of wiid-type mice values

P TP

Wid EP; EP, EPy EPg DP FP

Deficiency of prostanoid receptor

Fig. 1. Numbers of ACFs developing in the colons of prostanoid receptor-knockout
mice and their wild-type counterparts after treatment with AOM. EP,, EP,, EP,, EP,, DP,
FP, IP, and TP-knockout mice and their respective wild-type mice were treated with
AOM, and the numbers of ACFs were scored at 5 weeks after the first dose of AOM. The
values (numbers of ACFs/colon) for each knockout mouse group are expressed as
percentages of those for their wild-type counterparts. The data for EP,- and EP;-knockout
mice are from our previously published work (19). [, wild-type mice; M, knockout mice.
*, P < 0.05, compared with the wild-type mice.
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Table 1 Suppression of intestingl polvp development by ONQ-AE2-227 in Min mice
Mice were fed basal diet or dict containing 300 ppm of ONO-AE2-227 for 7 wecks.
Numbers of Min mice fed the experimental and conirol dicts were ten each. Data are
mean = SE. Numbers in parentheses indicate percentage compared with the basal diet
group.

No. of polyps/mouse

Polyp location Basal diet ONO-AE2-227
Proximal small intestine 40=04 3.3+ 1.1(83)
Middle small intestine 19.3 = 2.0 142 £ 22(74)
Distal small intestine 376 £532 24.5 £ 2.0°(65)
Colen 05+02 0.2 = 0.1 (40
Total 614 73 42,2 + 4,37 (69)

o P < 0.05 versus the basal diet group.

20
14
12

No. of polyps / mouse

<45 <1.0 <15 <20 <5

Polyp diameter (mm)

ONO-AE2-227

Fig. 2. Size distribution of intestinal pelyps in Min mice, [, basal diet; W, 300 ppm
ONO-AE2-227. (The structure is shown in lower part of the figure). Polyps were
classified in terms of their diameters in millimeters. The number of polyps/mouse in each
size class is expressed as the means; bars, SE. #+, P < 0.0, compared with the basal diet
group.

measuring =1.0 mm in diameter but not those measuring <1.0 mm in
diameter,

Effects of the EP,-Selective Agonist and PGE, Treatment on
Colony Formation of HCA-7 Cells. To evaluate the physiological
functions of the EP, receptor, we examined the effects of the EP,
receptor-selective agonist, ONO-AE1-329, and PGE, treatment on
colony formation in monolayer cultures. We used a human colon
epithelial cell line, HCA-7 cells, in which expression of the EP,
receptor could be detected by RT-PCR analysis (data not shown). For
this experiment, 1000 cells were seeded in six-cm dishes, and ONO-
AE1-329 was added daily at concentrations of (.1, 1.0, and 10 um in
fresh medium for 14 days. We observed a 1.8-fold increase in HCA-7
colony number in the presence of 1.0 uM ONO-AE1-329 and a
1.5-fold increase in the presence of 1.0 um PGE, for 14 days (Fig. 3).
The highest dose of ONO-AE1-329 (10 pm) decreased the HCA-7
colony number,

EP, mRNA Expression in Normal Colon and Colon Cancer
Tissues in Mice. The expression of EP, mRNA in normal colon
mucosal and tumnor tissues from five mice was examined, Represent-
ative data are shown in Fig. 4. EP, mRNA was detected in all colon
tumor and normal mucosa samples by RT-PCR. All of the tumors

_76_



INVOLVEMENT OF EPy IN COLON CARCINOGENESIS

sampled were histopathologically diagnosed as well-differentiated
adenocarcinomas.

Discussion

In the present study, examination of the effects of EP,, EP,, DP, FP,
IP, and TP receptor knockout on AOM-induced ACF formation in
mice provided evidence for the involvement of the PGE, receptor
subtype EP, but not EP,, DP, FP, 1P, or TP in colon carcinogenesis.
In addition, administration of an EP,-selective antagonist, ONO-
AE2-227, to AOM-treated C57BL/6Cr mice and Min mice decreased
ACFs and intestinal polyp formation, respectively, Interestingly, in
the latter case the number of polyps =1.0 mm in diameter, but not
those <1.0 mm in diameter, were reduced, suggesting reduction in
tumor growth. An EP-selective agonist, ONO-AE1-329, was further
found to increasc colony formation by HCA-7 cells, similar to PGE,.
Moreover, we could demonstrated the expression of EP, receptors in
colon tumors and normal mucosa, in line with earlier results of in situ
hybridization for EP, mRNA (24). In the previous study, EP, receptor
was shown to be involved in colon carcinogenesis {19). In addition,
our preliminary study indicated that EP, receptor expression was
detected in AOM-induced c¢olon tumers in mice by RT-PCR analysis
(data not shown). Thus, combined together, our present and previous
results suggest that PGE, mediates carcinogenic changes by acting at
EP, and EP, receptors in the colon. Consistent with these data,
increased PGE, levels in colon tumor tissues compared with the
surrounding normal mucosa were suggested to play an important role
in colon carcinogenesis (25).

PGE, was earlier suggested to stimulate an increase in cell prolif-
eration and motility of the colon cancer cell line LS-174 by activating
the phosphatidylinositol 3-kinase/Akt pathway via EP, receptor acti-
vation (26). It is also known that PGE, activates adenylate cyclase via
a cholera toxin-sensitive, stimulatory G protein through binding to the
EP, receptor. In the adenylate cyclase pathway, increased cAMP
levels result in an activation of cAMP-dependent protcin Kinase
(PKA) and a transcriptional factor that binds to cAMP-responsive
elements to transactivate the transcription of specific primary re-
sponse genes that initiate cell proliferation (27). These biological
changes could contribute to colon carcinogenesis through EP, recep-
tor involvement. The EP, receptor is a transmembrane G protein-
coupled receptor, similar to other PGE, receptors, but its signal
transduction mechanism is not known in detail. EP, signals are
transmitted by increased intracellular Ca®* concentrations and acti-
vate protein kinase C (11, 12). Additional studies are needed to
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Fig. 3. HCA-7 colony number in response to treatment with ONO-AE1-329 or PGE,.
HCA-7 cells were plated in six-cm cell culture dishes at a density of 1000 cetls/dish, with
DMEM containing 10% FBS. Cells were incubated for 14 days, and then colonies were
visualized by staining with 0.2% methylene blue and counted manually. Data are means
(n = 3); bars, SE. Similar results were obtained in three separate experiments.
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Fig. 4. EP, receptor expression in normal colon and colon cancer tissues of mice.
Aliquots of total RNA {1 pg) from colen cancers and neighboring normal colon tissues
were subjected to RT-PCR. The reaction mixture for mouse EP, was first heated at 94°C
for 2 min, followed by amplification for 30 cycles at 95°C for 30 5, 60°C for 45 s, and
72°C for 4 min, These temperatures and time intervals were followed by a final incubation
at 72°C for 5 min. The PCR praducts were separated on 2% aparose gels, and portions
corresponding to the expected DNA size (488 bp) of the PCR products are shown in the
middle of the figure with an arrow. N, normal mucosa: T, tumor,

investigate events downstream of the EP, receptor signaling pathway
and any link between EP, and EP, receptors. Recently, it was reported
that homozygous deletion of the gene encoding EP, receptor resulted
in decrease of intestinal polyp formation in the Apc knockout mice
(28). These data are not consistent with the results obtained in the
present study. Therefore, involvement of EP, receptor in AOM-
induced colon carcinogenesis in rodents and intestinal polyp forma-
tion in Min mice needs to be examined using EP, receptor antagonists.

Selective inhibitors of COX-2 are good candidates as chemopre-
ventive agents, with clinically important mechanism-based safety
characteristics that significantly distingnish them from traditional
NSAIDs, which suffer from gastrointestinal side effects that limit
long-term application. It might be expected that these adverse effects
are further diminished by inhibiting the downstream of COX pathway.
On the basis of the present results, selective EP, and/or EP, receptor
antagonists may be particularly beneficial as chemopreventive agents
for colon cancer with low toxicity,

In conclusion, the data obtained in our present and previous studies
suggest that PGE,; mediates colonic carcinogenic changes by acting at
EP, and EP, receptors in the colon. For confirmation, long-term colon
carcinogenesis experiments with EP, and EP, antagonists are cur-
rently being conducted in our laboratory.
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