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Figure 7. Inhibition of TRPC attenuates hypertrophic gene reprogramming in GC-A KO mice, whereas overexpression of TRPC6
exacerbated cardiac hypertrophy. A, Real-time RT-PCR analysis of relative expression of RCAN1, ANP, BNP, BMHC, skeletal a-actin,
aMHC, cardiac a-actin, TRPC6, and TRPC3 mRNA in ventricular myocardium from 16-week-old WT and GC-A KO (KO) mice treated
for 28 days with or without BTP2 (20 mg/g per day). Relative mRNA levels in WT without BTP2 were assigned a value of 1.0. Values
are shown as means+SEM. *P<0.05 vs WT without BTP2; #P<0.05 vs KO without BTP2. B and C, Blood pressure (BP) (B), heart
weight (HW) (C, left) and HW/BW ratios (C, right) in WT, TRPC6 Tg, GC-A KO, and TRPC6 Tg; GC-A KO mice. Values are shown as
means+SEM. *P<0.05 vs WT; #P<0.05 vs GC-A KO. D, Echocardiographic parameters in WT, TRPC6 Tg GC-A KO, and TRPC6 Tg;
GC-A KO mice. Graphs show posterior wall thickness (PWTh) (mm) and percentage fractional shortening (%FS). Values are shown as

means*=SEM. *P<0.05 vs WT; #P<0.05 vs GC-A KO.

Agonist-induced activation of the TRPC6 T69A mutant in the
presence of ANP was around 80% to 90% of that seen with
WT TRPCE in the absence of ANP. Furthermore, even when
we knocked down both RGS2 and RGS4, the significant
inhibitory effect of ANP on agonist-induced Ca** influx was
preserved in cardiac myocytes (Figure SE through 5G; Online
Figure IV, A and B). Thus, RGS-independent mechanisms
also contribute to the antihypertrophic effects of cGMP-
dependent signaling. This is not surprising, as multiple
mechanisms would be expected to participate in the antihy-
pertrophic effects exerted via the ANP/BNP-GC-A-cGMP-
PKG pathway. In that regard, PKG also reportedly inhibits
LTCC activity and calcineurin-NFAT signaling.'® Although
under our experimental conditions treatment with the LTCC
blocker nifedipine did not significantly attenuate the inhibi-
tory effect of ANP on agonist-induced Ca®* influx into
cardiac myocytes, inhibition of LTCCs can contribute to the
antihypertrophic effects of ANP. Indeed, activation of
TRPC3/6 has been shown to lead to LTCC activation,?* and
ANP may inhibit that activation, thereby inhibiting
calcineurin-NFAT signaling. It therefore seems likely that
ANP/BNP-GC-A-cGMP-PKG signaling inhibits prohyper-
trophic signaling pathways at multiple steps. ANP and
BNP are already administered clinically to patients with
acute heart failure.*>#” But because, currently, these drugs
are only administered intravenously, they are not available

for use in the treatment of chronic pathological conditions
such as cardiac hypertrophy and chronic heart failure.
Development of nonpeptide GC-A agonists that can be
administered orally may lead to the development of new
therapeutic agents for preventing pathological cardiac
hypertrophy and remodeling.

It has been shown in separate studies that GC-A is
desensitized in failing human hearts*® and that Ang II and
ET-1 act to desensitize GC-A.*° This makes it unlikely that
under pathological conditions, endogenous cardiac ANP/
BNP-GC-A-cGMP signaling would be sufficient to block
the pathological signaling activity. Such disruption of the
balance between anti- and prohypertrophic signaling
would lead to further activation of TRPC3/6-dependent
prohypertrophic signaling, thereby promoting the patho-
logical cardiac remodeling. Thus inhibition of TRPC3/6
channel activity could be an effective therapeutic strategy
for preventing cardiac remodeling under these pathological
conditions. Indeed, our finding that BTP2 attenuated
cardiac hypertrophy in GC-A KO and Ang II-infused mice
may support this notion. In that regard, Pyr3 is a pyrazole
compound recently identified as a specific inhibitor for
TRPC3 that blocks Ca®" influx carried by TRPC3/6
heteromeric complexes and by TRPC3 homomeric com-
plexes. Moreover, Pyr3 also inhibited Ang II-induced
hypertrophic responses in cultured cardiac myocytes more
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Figure 8. Inhibition of TRPC attenuates angiotensin
ll-induced cardiac hypertrophy in mice. A, Blood pressure
(BP) in mice treated with or without Ang Il (0.6 mg/kg per day)
and/or BTP2 (20 mg/g per day). Values are shown as
means*+SEM. *P<0.05 vs control. B, HW/BW ratio (mg/g) in
mice treated with or without Ang Il (0.6 mg/kg per day) and
BTP2 (20 mg/g per day). Values are shown as means=SEM.
*P<0.05 vs control; #P<0.05 vs mice treated with Ang Il and
without BTP2. C, Posterior wall thickness (PWTh) (mm) evalu-
ated by echocardiography in mice treated with of without Ang Il
(0.6 mg/kg per day) and BTP2 (20 mg/g per day). Values are
shown as means=SEM. *P<0.05 vs control; #P<0.05 vs mice
treated with Ang Il and without BTP2. D, Real-time RT-PCR
analysis of relative expression of RCAN1, BNP, BMHC, skeletal
a-actin, and cardiac a-actin mRNA in ventricular myocardium
from 10-week-old mice treated for 14 days with or without Ang
I (0.6 mg/kg per day) and/or BTP2 (20 mg/g per day). Relative
mRNA levels in control mice without Ang Il and BTP2 were
assigned a value of 1.0. Values are shown as means=SEM.
*P<0.05 vs control; #°<0.05 vs mice treated with Ang Il and
without BTP2.

potently than BTP2.37 In our study, knocking down either
TRPC3 or -6 in cardiac myocytes significantly inhibited
ET-1- and Ang II-induced increases in Ca** oscillation to
levels comparable to those seen when both TRPC3 and -6
were knocked down simultaneously (Online Figure II, A
through J). This raises the possibility that a TRPC3/6
heteromeric complex plays a key role in mediating agonist-
induced prohypertrophic signaling in cardiac myocytes.
Development of highly specific TRPC6 inhibitors could
lead to the development of more potent and safer agents
with which to prevent pathological cardiac remodeling and
heart failure.
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Novelty and Significance

What Is Known?

* Under pathological conditions, the ventricular expression of 2 peptide

mediators, atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP), is increased in the heart. These peptides act as
both endocrine and local antihypertrophic factors. However, the
molecular mechanisms by which ANP/BNP inhibit cardiac hyper-
trophy remain unclear.

Transient receptor potential subfamily C (TRPC)3 and -6 form homo-
and heteromultimeric cation channels that are activated directly
by diacylglycerol following receptor activation and reportedly
serve as positive upstream regulators of the pathological
calcineurin-NFAT signaling pathway in cardiac myocytes.

What New Information Does This Article Contribute?

We demonstrate that ANP/BNP acts via the guanylyl cyclase (GC)-A-
cGMP-protein kinase (PK)G pathway to inhibit TRPC6 channel
activity, which in tum suppresses the subsequent activation of the
prohypertrophic calcineurin-nuclear factor of activated T cells
(NFAT) signaling pathway.

The present study suggests that inhibition of TRPC6 could be an
effective therapeutic strategy for preventing pathological cardiac
hypertrophy and remodeling.

Characterization of the crosstalk among the cardiac signaling
pathways that promote or antagonize cardiac hypertrophy
should lead to a better understanding of molecular processes
underlying the development of heart failure and ultimately to the
discovery of novel therapeutic approaches for preventing patho-
logical cardiac remodeling and heart failure. The cardiac hor-
mones ANP and BNP reportedly exert antihypertrophic effects on
the heart via their common receptor, GC-A, which catalyzes the
synthesis of cGMP, leading to activation of PKG. Details of
molecular mechanisms via which ANP/BNP-GC-A signaling
inhibit cardiac hypertrophy are not well understood. The present
study demonstrates that ANP/BNP-GC-A-cGMP-PKG signaling
pathway inhibits TRPC6 activity by phosphorylation of threonine
69, which in turn suppresses prohypertraphic calcineurin-NFAT
signaling. In mice lacking GC-A, BTP2, a selective TRPC channel
blocker, significantly attenuated the cardiac hypertrophy other-
wise seen. Conversely, overexpression of TRPCE in mice lacking
GC-A exacerbated cardiac hypertrophy. BTP2 also significantly
inhibited angiotensin Il-induced cardiac hypertrophy in mice.
The present study reports the novel finding that inhibition of
TRPC6 contributes to the antihypertrophic effects exerted by
ANP/BNP-GC-A-cGMP-PKG signaling. These results suggest that
inhibition of TRPC6 could be an effective therapeutic strategy for
preventing pathological cardiac hypertrophy.
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GROWTH FACTORS-CYTOKINES

Circulating C-Type Natriuretic Peptide (CNP) Rescues
Chondrodysplastic CNP Knockout Mice from Their
Impaired Skeletal Growth and Early Death

Toshihito Fujii, Yasato Komatsu, Akihiro Yasoda, Eri Kondo, Tetsuro Yoshioka,
Takuo Nambu, Naotestu Kanamoto, Masako Miura, Nachisa Tamura,
Hiroshi Arai, Masashi Mukoyama, and Kazuwa Nakao

Department of Medicine and Clinical Science, Kyoto University Graduate School of Medicine, Kyoto
606-8507, Japan

C-type natriuretic peptide (CNP) is a potent stimulator of endochondral bone growth through a sub-
type of membranous guanylyl cyclase receptor, GC-B. Although its two cognate natriuretic peptides,
ANP and BNP, are cardiac hormones produced from heart, CNP is thought to act as an autocrine/
paracrine regulator. To elucidate whether systemic administration of CNP would be a novel medical
treatment for chondrodysplasias, for which no drug therapy has yet been developed, we investigated
the effect of circulating CNP by using the CNP transgenic mice with an increased circulating CNP under
the control of human serum amyloid P component promoter (SAP-Nppc-Tg mice). SAP-Nppc-Tg mice
developed prominent overgrowth of bones formed through endochondral ossification. In organ cul-
ture experiments, the growth of tibial explants of SAP-Nppc-Tg mice was not changed from that of their
wild-type littermates, exhibiting that the stimulatory effect on endochondral bone growth observed
in SAP-Nppc-Tg mice is humoral. Then we crossed chondrodysplastic CNP-depleted mice with SAP-
Nppc-Tg mice. Impaired endochondral bone growth in CNP knockout mice were considerably and
significantly recovered by increased circulating CNP, followed by the improvement in not only their
longitudinal growth but also their body weight. In addition, the mortality of CNP knockout mice was
greatly decreased by dirculating CNP. Systemic administration of CNP might have therapeutic
potential against not only impaired skeletal growth but also other aspects of impaired growth
including impaired body weight gain in patients suffering from chondrodysplasias and might
resultantly protect them from their early death. (Endocrinology 151: 4381-4388, 2010)

ecent studies have elucidated that C-type natriuretic
Rpeptide (CNP) is a crucial regulator of endochondral
bone growth (1, 2). The biological actions of CNP are
thought to be mediated by the production of intracellular
second-messenger cGMP through a subtype of membra-
nous guanylyl cyclase receptor, guanylyl cyclase (GC)-B
(3). We have exhibited that both CNP and GC-B are ex-
pressed in the proliferative and prehypertrophic chondro-
cyte layers of the growth plate (1) and that CNP or GC-B
knockout mice develop severely short stature phenotype
owing to their impaired endochondral bone growth (1, 4).
On the contrary, mice with targeted overexpression of
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CNP in the growth plate by using type II collagen pro-
moter exhibit prominent skeletal overgrowth (5, 6).
After these discoveries, we planned to translate this
strong stimulatory effect of the CNP/GC-B system on bone
growth into clinical treatment for patients suffering from
diseases with impaired skeletal growth. Chondrodyspla-
sias are a group of genetic disorders characterized by im-
paired skeletal growth. The many different forms of chon-
drodysplasias add to produce a significant number of
affected individuals with significant morbidity and mor-
tality (7). Nevertheless, no efficient drug therapy has been
developed to date for the treatment of chondrodysplasias.

Abbreviations: CNP, C-type natriuretic peptide; DIG, digoxigenin; GC, guanylyl cyclase; HE,
hematoxylin and eosin; PCNA, proliferating cell nuclear antigen; SAP, serum amyloid P.
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In our previous report, we achieved targeted overexpres-
sion of CNP in the growth plate of a mice model of achon-
droplasia (8), the most common form of chondrodyspla-
sias with a constitutive active mutation in the fibroblast
growth factor receptor 3 gene (9), and successfully
treated its impaired skeletal growth and short stature
phenotype (35).

In contrast to atrial natriuretic peptide and brain na-
triuretic peptide, the two cognate natriuretic peptides of
CNP that act as cardiac hormones produced predomi-
nantly from atrium and ventricle of heart, respectively (10,
11), CNP is thought to be an autocrine/paracrine regula-
tor, rather than an endocrine regulator (12, 13). Because
we have to evaluate the effect of circulating CNP on en-
dochondral bone growth in case we use CNP as a drug for
chondrodysplasias via systemic administration, we gen-
erated CNP transgenic mice with increased circulating
CNP as a model of systemic administration of CNP (14):
these transgenic mice carried the human serum amyloid P
(SAP) component promoter/mouse CNP fusion gene
(SAP-Nppc-Tg), and the expression of the transgene was
targeted to the liver (15). SAP-Nppc-Tg mice exhibited
prominent overgrowth of bones formed through endo-
chondral ossification (14), and furthermore, we success-
fully rescued achondroplastic model mice from their im-
paired bone growth by crossing them with SAP-Nppc-Tg
mice (16).

In the present study, we further investigated the effect
of circulating CNP by using SAP-Nppc-Tg mice. At first,
to certify the humoral effect of the overexpressed CNP in
SAP-Nppc-Tg mice on endochondral bone growth, we
performed organ culture experiments by using tibial ex-
plants from SAP-Nppc-Tg mice and compared them with
those from cartilage-targeted CNP transgenic mice under
the control of type II collagen promoter (Col2-Nppc-Tg
mice) (5). Then we studied the effects of circulating CNP
on the chondrodysplastic CNP knockout (Nppc™~) mice
by crossing them with SAP-Nppc-Tg mice.

Materials and Methods

Animals

Generation of CNP transgenic mice under the control of hu-
man SAP component promoter (SAP-Nppc-Tg mice) was re-
ported previously (14). These mice carried the human SAP/
mouse CNP fusion gene, and CNP overexpression in these mice
was targeted to the liver (15). SAP-Nppc-Tg mice were intended
to have increased circulating CNP levels, and plasma CNP con-
centrations measured by RIA were 84% higher in SAP-Nppc-Tg
mice than in wild-type mice (14). Generation of CNP transgenic
mice under the control of mouse type Il collagen promoter (Col2-
Nppc-Tg mice) (5) and CNP knockout mice (Nppc ™~ mice) (1)
was also described previously.

Endocrinology, September 2010, 151(9):4381-4388

To generate Nppc™’~ mice carrying SAP-Nppc transgene,
male Nppc*’~ mice were mated with female SAP-Nppc-Tg mice,
and female F1 offspring heterozygous for both the transgene and
the Nppc allele ablation were mated with male F1 offspring het-
erozygous only for the Nppc allele ablation to generate Nppc ™~
mice with the transgene expression (Nppc ’ /SAP-Nppc-Tg
mice). For generation of homozygous SAP-Nppc-Tg mice, male
and female heterozygous SAP-Nppc-Tg mice were mated, and
the genotype of the resultant transgenic mice was determined by
quantifying SAP-Nppc transgene using StepOnePlus real-time
PCR systems (Applied Biosystems Inc., Foster City, CA).

The care of the animals and all experiments were conducted
in accordance with the institutional guidelines of Kyoto Univer-
sity Graduate School of Medicine.

Organ culture

Tibias from fetal SAP-Nppc-Tg mice and their wild-type lit-
termates (on d 16 of pregnancy), newborn Col2-Nppc-Tg mice
and their wild-type littermates, and newborn Nppc™' /SAP-
Nppc-Tg mice and their Nppc ™ littermates were dissected out
and cultured for 4 d in Biggers, Gwatkin, Judah tissue culture
medium for bone and cartilage (Invitrogen, Carlsbad, CA) with
BSA (6 mg/ml; Wako Pure Chemical Industries, Ltd., Osaka,
Japan), ascorbic acid (150 ug/ml; Wako), and penicillin/strep-
tomycin (10,000 U/ml; Wako) in 12-well plates. Tibias from
newborn Nppc™'~ mice were incubated with vehicle or CNP at
the dose of 1077, 107%, or 1077 M for 4 d. At the end of the
culture period, the longitudinal length of tibial explants was
measured using a linear ocular scale mounted on a dissecting
microscope at X 10 magnification.

Skeletal analysis

Mice were subjected to soft x-ray analysis (30 kVp, 5 mA for
1 min; Softron type SRO-MS; Softron, Tokyo, Japan), and the
lengths of bones were measured on the soft x-ray film.

Histological analysis

For light microscopy, sections were cut from paraffin-em-
bedded specimens. For Alcian Blue-hematoxylin and eosin (HE)
staining, sections were deparaffinized with xylene and rehydrated
through an ethanol series and distilled water. The sections were
treated with 3% acetic acid for 3 min and Alcian Blue (Muto Pure
Chemicals Co., Ltd., Tokyo, Japan) for 20 min. Then they were
treated with hematoxylin (Muto) for 2 min, eosin alcohol (Muto)
for 1 min, dehydrated, and then mounted with malinol (Muto).

As for in situ hybridization analyses for type IT and type X col-
lagens, 414- and 658-bp DNA fragments corresponding to the nu-
cleotide positions 138-551 and 2893-3550 of mouse Col241 and
Col10a1 cDNA (GenBank accession no. NM_031163 and
009925), respectively, were subcloned into pPGEMT-Easy vector
(Promega, Madison, WI) and were used for the generation of
sense or antisense RN A probes. Digoxigenin (DIG)-labeled RNA
probes were prepared with DIG RNA labeling mix (Roche,
Stockholm, Sweden). Paraffin-embedded sections were hybrid-
ized with DIG-labeled RNA probes at 60 C for 16 h. The bound
label was detected using 4-nitro blue tetrazolium chloride-5-bro-
mo-4-chloro-3-indoyl-phosphate, 4-toluidine salt, an alkaline
phosphate color substrate. The sections were counterstained
with Kernechtrot (Muto).

For immunohistochemical detection of proliferating cell nu-
clear antigen (PCNA), tissue sections were incubated with mouse
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FIG. 1. Organ culture experiments using tibial explants from two
different CNP transgenic mice. A and B, Graphs indicating percent of
the longitudinal lengths of tibial explants at the end of incubation
(white bars) compared by those of tibial explants at the beginning of
incubation (black bars). Fetal (GD16) wild-type (Wt) vs. SAP-Nppc-Tg
explants (A), and neonatal wild-type (Wt) vs. Col2-Nppc-Tg explants (B)
are shown. C, Histological pictures of the growth plates of tibial
explants at the end of 4-d culture period. From top to bottom, pictures
of wild-type (Wt), SAP-Nppc-Tg, and Col2-Nppc-Tg explants are
shown. Left three panels exhibit Alcian Blue-hematoxylin and eosin
(HE) staining, and middle three and right three panels show in situ
hybridization analyses for type Il collagen (Col2a7) and type X collagen
(Col10aT), respectively. Scale bar, 100 um.

monoclonal anti-PCNA antibody (Dako, Glostrup, Denmark),
and immunostaining was performed using Histofine mouse stain
kit (Nichirei Corp., Tokyo, Japan) according to the manufac-
turer’s instructions. Under the microscope (X400), three visual
fields in the proliferative chondrocyte zone of the growth plate
were randomly selected, and all cells and PCNA-positive cells in
each field were counted. Then labeling index was calculated as
the mean of these three values. Terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick end labeling
staining was performed using in situ apoptosis detection kit
(Takara Bio Inc., Otsu, Japan) according to the manufacturer’s
instruction.
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FIG. 2. Effect of circulating CNP on the longitudinal growth of Nppc™~ mice. A,
Growth curves of nasoanal length of SAP-Nppc-Tg (open square), wild-type (closed
square), Nppc™'~/SAP-Nppc-Tg (open triangle), and Nppc ™'~ (closed triangle) mice. B,
Gross appearance of wild-type (Wt), Nppc~/~/SAP-Nppc-Tg, and Nppc ™'~ mice at the

age of 15 wk.
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FIG. 3. Bone lengths of mice at the age of 3 wk measured on soft
x-ray films. White bars, Wild-type mice; gray bars, Nppc™'~/SAP-Nppc-
Tg mice; black bars, Nppc™'~ mice. *, P < 0.05; **, P < 0.01.

Statistical analysis

Data are expressed as means * SE. The statistical significance
of differences in mean values was assessed by Student’s ¢ test. The
difference in survival rates among genotypes was assessed by
Kaplan-Meier analysis.

Results

Organ culture experiments using tibial explants
from SAP-Nppc-Tg mice

We generated two lines of CNP transgenic mice under
the control of an SAP promoter, and both of them exhib-
ited prominent skeletal overgrowth phenotype (14). We
used one of them with milder skeletal phenotype as the
SAP-Nppc-Tg mice for further experiments. To confirm
whether the effect of SAP-Nppc-transgene on skeletal
growth is humoral, we performed organ culture exper-
iments by using tibias from SAP-Nppc-Tg mice and
compared them with those from CNP transgenic mice
with targeted overexpression of CNP in the cartilage by
using mouse type II collagen promoter (Col2-Nppc-Tg
mice) (5). »

At the end of the 4-d culture period, the
length of tibial explants from SAP-Nppc-Tg
mice was not changed from that from their
wild-type littermates, whereas the length of
tibial explants from Col2-Nppc-Tg mice
was about 13% larger than that from their
wild-type littermates (Fig. 1, A and B). His-
tological analyses revealed that the widths
of both nonhypertrophic and hypertrophic
chondrocyte layers of the growth plates in
SAP-Nppc-Tg explants, shown to express
type II and type X collagens by iz situ hy-
bridization analyses, respectively, were not
changed from those in wild-type explants,
whereas they were larger in Col2-Nppc-Tg
explants (Fig. 1C).
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In addition, in situ hybridization analyses exhibited
that the patterns and intensities of the staining for type II
and type X collagens as the differentiation markers for
nonhypertrophic and hypertrophic chondrocytes, respec-
tively, were not different between in SAP-Nppc-Tg and
wild-type explants. Furthermore, the proliferation of the
growth plate chondrocytes in SAP-Nppc-Tg explants,
estimated by immunohistochemical staining for PCNA,
was almost the same as that in wild-type explants (la-
beling index: 60.4 + 3.4 vs. 60.0 = 2.4%). These results
exhibit that CNP generated by SAP-Nppc-transgene af-
fects endochondral bone growth in an endocrine
manner. '

The impaired endochondral bone growth of
Nppc '~ mice was recovered by circulating CNP

Next we investigated the effect of circulating CNP on the
chondrodysplastic phenotype of CNP knockout mice by
crossing them with SAP-Nppc-Tg mice. Because Nppce™/~
mice are thought to be infertile, we crossed Nppc*/~ mice
with SAP-Nppc-Tg mice and obtained Nppc™/~/SAP-
Nppc-Tg mice. Then these Nppct/~/SAP-Nppc-Tg mice
were crossed with Nppc*’™ mice to generate Nppc ™'~/
SAP-Nppc-Tg mice.

"Bap
Nppe-Tg
FIG. 4. Histological analyses of tibial growth plates of wild-type (Wt), Nppc™"~
Nppc~'~/SAP-Nppc-Tg mice at the age of 3 wk. A, Histological pictures stained with Alcian
Blue-hematoxylin and eosin (HE). Scale bar, 100 wm. B, Width of growth plates of tibias
from wild-type (white bar), Nppc™'~/SAP-Nppc-Tqg (gray bar), and Nppc ™'~ (black bar) mice.
*, P<0.05; **, P< 0.01. C, Pictures of in situ hybridization analyses for type Il collagen
(Col2a1, left three panels) and type X collagen (Col710a1, right three panels). Scale bar, 50
pm. D, Width of hypertrophic chondrocyte layers of the growth plates of tibias from
wild-type (white bar), Nppc™'~ISAP-Nppc-Tg (gray bar), and Nppc~'~ (black bar) mice.

and female: 63.3 * 1.2 mm and 53.8 =
0.7 mm, respectively,n = 10 and 10 each,
P < 0.01). In accordance with the above
observation, most bones formed through
endochondral ossification in Nppc™'~/
, and SAP-Nppc-Tgmice grew longer than those
in Nppc ™'~ mice. At the age of 3 wk, lum-
bar spine, radius, femur, and tibia of
Nppc ™'~ /SAP-Nppc-Tg mice were signifi-
cantly longer than those of Nppc ™~ mice,
although they were still significantly
shorter than those of their wild-type litter-
mates (Fig. 3).

Histological analysis revealed that the
width of the growth plate of tibias from Nppc™'"/SAP-
Nppc-Tg mice was significantly larger than that from
Nppc™~ mice and was comparable with that from wild-
type mice (Fig. 4, A and B). Width of every zone of the
growth plate, especially that of hypertrophic chondro-
cyte zone expressing type X collagen as shown by in situ
hybridization analysis, was significantly larger in
Nppc~'"/SAP-Nppc-Tgtibia than that in Nppc ™ tibia
and was comparable with that in wild-type tibia (Fig. 4,
A, C,and D).

The intensities or patterns of the staining for both type
IT and type X collagens by 7 situ hybridization were not
different between that in Nppc™'~/SAP-Nppc-Tg and
that in Nppc ™/~ tibias, indicating that the differentiation
for nonhypertrophic and hypertrophic chondrocytes in
Nppc™'~ growth plate was not affected by circulating
CNP (Fig. 4C). Furthermore, immunohistochemical de-
tection of PCNA revealed that the rate of PCNA-positive
chondrocytes in Nppc™'~/SAP-Nppc-Tg growth plate
was not changed from that in Nppc™~ growth plate (la-
beling index: 23.0 = 7.3 vs. 25.4 = 1.4%), exhibiting that
the proliferation of the chondrocytes in Nppc ™~ growth
plate was not altered by circulating CNP. In addition, we

Nppe-/-
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FIG. 5. Organ culture experiments using tibial explants from neonatal
Nppc~'~ and Nppc '~ /SAP-Nppc-Tg mice. A, The graph indicating
percent of the longitudinal length of tibial explants at the end of
incubation (white bars) compared with that of tibial explants at the
beginning of incubation (black bars). B, Histological analyses of the
tibial explants at the end of the 4-d culture period. Upper panels show
histological pictures of the growth plates of Nppc™'~ explants, and
lower panels show those of Nppc™'~/SAP-Nppc-Tg explants. Left
panels exhibit Alcian Blue-hematoxylin and eosin (HE) staining, and
middle and right panels show in situ hybridization analyses for type I
collagen (Col2a1) and type X collagen (Col70a7), respectively. Scale
bar, 100 pwm.

could scarcely find out the difference in the state of apo-
ptosis of the growth plate chondrocytes between that in
Nppc~'"/SAP-Nppc-Tg and thatin Nppc ™'~ tibias by ter-
minal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling staining (data not
shown).

To further confirm whether the SAP-Nppc-transgene
product humorally affects the endochondral bone growth
in Nppc™/~ mice, organ culture experiments using tibial
explants from neonatal Nppc ' /SAP-Nppc-Tg and
Nppc™'~ mice were performed. At the end of the 4-d cul-
ture period, longitudinal length of tibial explants from
Nppc~'~/SAP-Nppc-Tg mice was not changed from that
from Nppc™’~ mice (Fig. SA). Histological analyses re-
vealed that the widths of both nonhypertrophic and hy-
pertrophic chondrocyte layers of the growth plate, ex-
pressing type Il and type X collagens, respectively, were
not different between in Nppc™' /SAP-Nppe-Tg and
Nppc™'~ explants (Fig. SB). Neither the differentiation (es-
timated by iz situ hybridization analyses for type Il and type
X collagens, Fig. 5B) nor the proliferation (evaluated by
PCNA analysis, labeling index: 41.0 = 3.3 vs. 44.9 = 3.0%)
of the growth plate chondrocytes was different between that
in Nppc™~/SAP-Nppc-Tg and that in Nppc ™~ explants.

To investigate whether the stimulatory effect of circu-
lating CNP on the endochondral bone growth of Nppc ™~
mice is dose dependent, we studied the effect of CNP on the
growth of tibial explants from neonatal Nppc ™'~ mice in
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FIG. 6. Dose-dependent effect of circulating CNP on endochondral
bone growth. A, Dose-dependent effect of addition of CNP on the
growth of tibial explants from Nppc™'~ mice in organ culture. The
graph indicates percent of the longitudinal length of tibial explants
incubated with indicated doses of CNP compared with that with
vehicle, at the end of the 4-d culture period. *, P < 0.05. B, Soft x-ray
picture of 3-wk-old wild-type (Wt) and SAP-Nppc-Tg mice with
heterozygous (hetero) and homozygous (homo) SAP-Nppc-Tg
transgene. Note that the nasoanal length is increased in accordance
with the copy number of the transgene. C, The graph indicating
percent of the length of each bone of heterozygous (gray bar) or
homozygous (white bar) SAP-Nppc-Tg mice compared with that of
wild-type mice (black bar) [n = 2 (Wt), four (hetero), and four (homo),
each].

organ culture experiment. As shown in Fig. 6A, the growth
of tibial explants from Nppc™'~ mice was stimulated by
addition of CNP in a dose-dependent manner. Further-
more, we generated SAP-Nppc-Tg mice with homozygous
SAP-Nppc transgene to confirm a dose-dependent effect
of circulating CNP on endochondral bone growth in vivo.

At the age of 3 wk, soft x-ray analyses revealed that the
longitudinal body length and the growth of every bone
formed through endochondral bone growth were pro-
moted in accordance with the copy number of SAP-Nppc
transgene, indicating the dose-dependent effect of circu-
lating CNP on endochondral bone growth iz vivo (Fig.
6B). Collectively, these results suggest that circulating
CNP would cure the impaired skeletal growth of Nppc ™'~
mice in a dose-dependent manner iz vivo.

Effects of increased circulating CNP on the body
weight gain and the survival rate of Nppc™/~ mice
We also investigated the effects of circulating CNP on
other aspects of the impaired growth of chondrodysplastic
Nppc™~ mice. The body weight of Nppc ' /SAP-
Nppc-Tg mice was smaller than that of their wild-type
littermates and was comparable with that of their
Nppc ™'~ littermates at the age of 1 wk (Fig. 7A). However,
Nppc™'~/SAP-Nppc-Tg mice gradually became heavier
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FIG. 7. Effect of circulating CNP on the body weight and the survival rate of Nppc™'~
mice. A, Growth curves of body weight of SAP-Nppc-Tg (open square), wild-type (Wt;
closed square), Nppc~'~/SAP-Nppc-Tg (open triangle), and Nppc ™~ (closed triangle)
mice. B, Survival curves of SAP-Nppc-Tg (open square), wild-type (closed square),
Nppc~'~/SAP-Nppc-Tg (open triangle), and Nppc ™'~ (closed triangle) mice.
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This result confirms that the growth stimu-
lating effect of bones formed through endo-
chondral ossification in SAP-Nppc-Tg mice
is not autocrine/paracrine but endocrine ef-
fect of CNP, which is produced by the SAP-
Nppe transgene. Because we expected that
we would observe the effect of circulating
CNP on endochondral bone growth clearly
in a state without basal CNP effect, we then
investigated whether or not elevation of cir-
culating CNP could recover the impaired
endochondral bone growth caused by de-
pletion of CNP in mice in vivo. Decreased
width of the growth plate observed in

than their Nppc™~ littermates (Fig. 7A), and the body
weight of Nppc~/~/SAP-Nppc-Tg mice was significantly
larger than their wild-type littermates at the age of 4 wk in
males and 3 wk in females (males: 9.3 = 0.5 gand 7.3 =
0.9 g, respectively, n = 12 and 7 each, P < 0.05, and
females: 5.4 = 0.1 gand 4.7 + 0.2 g, respectively,n = 11
and 12 each, P < 0.05). On the other hand, there was no
difference in body weight between the SAP-Nppc-Tg
and wild-type mice, albeit SAP-Nppc-Tg mice became
larger than the wild-type mice in nasoanal length (Figs.
2A and 6).

We have previously reported that the survival rate of
Nppc™'~ mice greatly drops before adulthood, albeit the
genotype ratio of Nppc ™~ mice on d 16.5 of pregnancy is
in accord with Mendelian proportion (1). In this study,
analysis of intercrosses between Nppc*/~/SAP-Nppc-Tg
mice and Nppc*’~ mice revealed that the genotype ratios
of wild type to Nppc*’~ to Nppe™~ and SAP-Nppc-Tg to
Nppct’~/SAP-Nppc-Tg to Nppc™'~/SAP-Nppc-Tg at
weaning (3 wk of age) are 1:2.78:1 and 1:2.71:1.24 (total
n = 104 and 110), respectively, indicating expected Men-
delian proportions. As have we previously reported, the
survival rate of Nppc™~ mice dropped to about 40% be-
fore adulthood (Fig. 7B). However, the survival rate of
Nppc™'~/SAP-Nppc-Tg mice was greatly improved com-
pared with that of Nppc™~ mice (Fig. 7B).

Discussion

In the present study, we investigated the endocrine effects
of CNP on chondrodysplastic CNP knockout mice by us-
ing SAP-Nppc-Tg mice.

In the organ culture experiments, the growth of SAP-
Nppc-Tg tibias was not changed from that of wild-type
tibias, whereas the growth of Col2-Nppc-Tg tibias was
strongly promoted compared with that of wild-type tibias.

Nppc™~ mice was recovered in Nppc ™'~/

SAP-Nppc-Tg mice, and accordingly, im-
paired endochondral bone growth observed in Nppe ™~
mice was considerably and significantly recovered in
Nppc™'~ISAP-Nppc-Tg mice.

The endocrine effect of CNP produced by the SAP-
Nppc transgene in Nppc ™'~ /SAP-Nppe-Tg mice was fur-
ther confirmed by the organ culture experiments in that
the growth of Nppc™~/SAP-Nppc-Tg tibias was not
changed from that of Nppc ™" tibias. These results clearly
indicate that CNP can humorally affect endochondral
bone growth. Furthermore, the result of the organ culture
experiment using Nppc™'~ bones (Fig. 6A) and the gene-
dose effect of SAP-Nppc transgene on bone growth in vivo
(Fig. 6B, C) suggest that the endocrine effect of CNP on
endochondral bone growth is dose dependent.

Chondrodysplasia is composed of many different
forms of genetic disorders characterized by impaired en-
dochondral bone growth (7, 17). Because the CNP/GC-B
system plays a crucial role in endochondral bone growth,
loss of function mutations in the genes coding for mol-
ecules related to the CNP/GC-B system could cause
chondrodysplasia. In fact, recent studies have revealed
that mutations in the gene encoding human GC-B cause
one form of chondrodysplasia, acromesomelic dyspla-
sia type Maroteaux (18, 19).

In mice, loss of function mutations in the GC-B gene
cause impaired skeletal growth in spontaneous mutant
cn/cn and short-limbed dwarfism (slw/shw) mice (20, 21).
As for spontaneous mutations in other genes related to the
CNP/GC-B system, a mutation in the gene coding for
c¢GMP-dependent protein kinase type II, an important
downstream mediator of the CNP/GC-B system, causes im-
paired endochondral bone growth in Komeda miniature rat
Ishikawa (22, 23). Furthermore, recent studies have eluci-
dated that a spontaneous loss of function mutation in the
murine CNP gene causes impaired skeletal growth observed
in the long bone abnormality (Ibab/lbab) mice (24-26).
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Just as in the case with rodents, any forms of human
chondrodysplasia might be caused by mutations in the
c¢GMP-dependent protein kinase type II or CNP gene, al-
beit they are not yet discovered. In case a form of human
chondrodysplasia caused by a mutation in the CNP gene
is discovered in future, CNP knockout mice would be a
novel mice model of human chondrodysplasia. On the
other hand, spontaneous GC-B mutant (cn/cn and sho/
shw) mice and GC-B knockout mice are regarded as mice
models of acromesomelic dysplasia type Maroteaux, and
impaired skeletal growth of these mice would not be recov-
ered by crossing them with SAP-Nppc-Tg mice. This notion
is supported by the result of the organ culture experiment, in
which tibial explants from fetal GC-B knockout mice are not
increased in length by addition of CNP (4).

We previously reported that the impaired skeletal
growth of achondroplastic model mice was almost com-
pletely recovered by crossing them with SAP-Nppc-Tg
mice (16). The impairment of skeletal growth of the
achondroplastic model mice that we used in our previous
study was considerably mild compared with that of
Nppc~'~ mice: the nasoanal length of the achondroplastic
model mice was about 10% shorter than that of wild-type
mice at the age of 10 wk (14), whereas the nasoanal length
of Nppc™™ mice was about 30% shorter than that of
wild-type mice. The reason that the impaired skeletal
growth of Nppc™~ mice was not completely rescued in
Nppc~'~/SAP-Nppc-Tg mice in our present study might
be because the low graded elevation of the plasma CNP
concentrations in SAP-Nppc-Tg mice (about 1.8 times
higher than those in wild-type mice) was not sufficient for
the complete rescue of severe skeletal phenotype of
Nppc™'~ mice, whereas it was enough to cure the mild
skeletal impairment of the achondroplastic model mice.
Although about 2 times of elevation of plasma CNP con-
centrations can stimulate bone growth in SAP-Nppc-Tg
mice (14) or human with a chromosomal translocation
(27), higher plasma concentration of CNP might be
needed for the complete treatment of impaired bone
growth in chondrodysplasia.

As for the mechanism of the skeletal rescue of CNP knock-
out mice by circulating CNP, the differentiation and the pro-
liferation of the growth plate chondrocytes of Nppc ™'~ /SAP-
Nppe-Tg mice were not changed from those of Nppc ™~ mice.
This result coincides with our previous observation that CNP
does notsostrongly affect differentiation and proliferation of
the growth plate chondrocytes iz vivo (5, 14). On the other
hand, proteoglycan synthesis is greatly increased in the
growth plate of SAP-Nppc-Tg mice (14), so we speculate that
the shortened Nppc ™~ growth plate is restored by circulat-
ing CNP in Nppc ™'~ /SAP-Nppc-Tg mice through the recov-
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ery of matrix synthesis, resulting in the recovery of endo-
chondral bone growth.

The impaired growth of Nppc™~ mice was recovered
in not only longitudinal length but also body weight, and
furthermore, the mortality of Nppc™'~ mice was greatly
decreased, by circulating CNP. Together with our previ-
ous results that targeted overexpression of CNP in the
cartilage of Nppc™~ mice improved not only their im-
paired longitudinal growth but also their impaired body
weight gain and that prolonged their survival (1), we con-
sider that the recovery from the impaired endochondral
bone growth in Nppc ™'~ mice by circulating CNP resulted
inthe recovery of overall growth and also in longevity. The
mechanisms through which recovery in skeletal growth
results in the recovery of overall growth and the prolonged
survival are not yet elucidated. One of the possibilities is
that the malformation in the maxillofacial region of
Nppc™’~ mice, which is caused by impaired endochondral
ossification, may disturb their teeth coming together cor-
rectly: this condition may prevent them from eating
enough and lead them to malnutrition. Further investiga-
tion of the craniofacial phenotype of Nppc ™~ mice is now
ongoing in our laboratory (Nakao, K., Y. Okubo, N.
Koyama, K. Osawa, M. Miura, A. Yasoda, K. Nakao, and
K. Bessho, manuscript in preparation).

In conclusion, we have revealed that circulating CNP
rescues the impaired growth and early death of chondro-
dysplastic CNP knockout mice through the recovery of
endochondral bone growth. We have started to apply the
strong stimulatory effect of the CNP/GC-B system on en-
dochondral bone growth to the treatment of chondrodys-
plasias (16) for those no effective drug therapy is available
to date. The results of our present paper suggest that sys-
temic administration of CNP or its analog, which would
stimulate GC-B, might have therapeutic potential against
not only impaired skeletal growth but also other aspects of
impaired growth including impaired body weight gain in
patients suffering from chondrodysplasias and might re-
sultantly protect them from their early death.
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Establishment of a Novel Ghrelin-Producing Cell Line

Hiroshi Iwakura, Yushu Li, Hiroyuki Ariyasu, Hiroshi Hosoda, Naotetsu Kanamoto,
Mika Bando, Go Yamada, Kiminori Hosoda, Kazuwa Nakao, Kenji Kangawa,
and Takashi Akamizu

Ghrelin Research Project (H.l., Y.L., H.A., M.B., T.A.), Translational Research Center, and Department of
Medicine and Clinical Science, Endocrinology, and Metabolism (N.K., G.Y., K.H., K.N.), Kyoto University
Hospital, Kyoto University Graduate School of Medicine, Kyoto 606-8507, Japan; and National
Cardiovascular Center Research institute (H.H., K.K.), Osaka 565-8565, Japan

To establish a tool to study ghrelin production and secretion in vitro, we developed a novel
ghrelin-producing cell line, MGN3-1 {(mouse ghrelinoma 3-1) cells from a gastric ghrelin-producing
cell tumor derived from ghrelin-promoter Simian virus 40-T-antigen transgenic mice. MGN3-1 cells
preserve three essential characteristics required for the in vitro tool for ghrelin research. First,
MGN3-1 cells produce a substantial amount of ghrelin at levels approximately 5000 times higher
than that observed in TT cells. Second, MGN3-1 cell expressed two key enzymes for acyl modifi-
cation and maturation of ghrelin, namely ghrelin O-acyltransferase for acylation and prohormone
convertase 1/3 for maturation and the physiological acyl modification and maturation of ghrelin
were confirmed. Third, MGN3-1 cells retain physiological regulation of ghrelin secretion, at least
in regard to the suppression by somatostatin and insulin, which is well established in in vivo studies.
Thus, MGN3-1 cells are the first cell line derived from a gastric ghrelin-producing cell preserving
secretion of substantial amounts of ghrelin under physiological regulation. This cell line will be a
useful tool for both studying the production and secretion of ghrelin and screening of ghrelin-
modulating drugs. (Endocrinology 151: 2940-2945, 2010)

hrelin, a stomach-derived hormone, is composed of
28 amino acid residues with unique acyl-modifica-
tion (1). Plasma ghrelin levels are regulated by acute and
chronic energy status: serum levels are increased during a

postprandial period and decreased after refeeding (2, 3). .

Ghrelin levels are low in obese individuals and high in lean
people (4, 5). The direct factors regulating ghrelin secre-
tion from ghrelin-producing cells (X/A-like cells), how-
ever, are not fully understood.

One method to investigate the direct effect of a specific
factor on ghrelin secretion is to use a ghrelin-producing
cell line. Ghrelin production has been reported by several
celllines, including TT (6), HL-60, THP-1, SupT1 (7), and
HELL (8) cells. All of these cell lines differ completely from
endogenous ghrelin-producing cells. TT cells originate
from human thyroid medullary cancer, whereas HL-60,
SupT1,and HELL cells are leukocyte in origin, with HELL
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being erythroleukemic line. Although these cell lines may
be used to study ghrelin production (9), they are not ideal
tools to study the regulation of ghrelin secretion. There-
fore, establishment of a cell line originating from ghrelin-
producing cells of the stomach would be useful for study-
ing ghrelin production and secretion. Furthermore, it is
vital to establish such cell line for studying factors directly
affecting ghrelin production and secretion.

In this study, we established a ghrelin-producing cell
line from a gastric tumor derived from ghrelin-promoter-
Simian virus 40 T-antigen transgenic (GP-Tag Tg) mice.

Materials and Methods

Animals

GP-Tag Tg mice were generated as described previously
(10). KSN nude mice were purchased from Shimizu Labora-
tory Supplies (Kyoto, Japan). Animals were maintained on

Abbreviations: AA, Amino acid; FBS, fetal bovine serum; GOAT, ghrelin O-acyltransferase;
GP-Tag Tg, ghrelin-promoter-Simian virus 40 T-antigen transgenic; KRB, Krebs-Ringer
buffer; PC, prohormone convertase; siRNA, small interfering RNA.

Endocrinclogy, June 2010, 151(6):2840-2945
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standard rodent food (CE-2, 352 kcal/100 g; Japan CLEA,
Tokyo, Japan) on a 12-h light, 12-h dark cycle unless other-
wise indicated. All experimental procedures were approved by
the Kyoto University Graduate School of Medicine Commit-
tee on Animal Research.

Cell culture

A gastric tumor resected from a GP-Tag Tg mouse was
minced and digested with the combination of 1.5 mg/ml col-
lagenase type I (Sigma-Aldrich, St. Louis, MO) and 0.5 mg/ml
dispase (Roche, Basel, Switzerland) in DMEM (11995-065;
Life Technologies, Inc., Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS) at 37 C for 90 min. After wash-
ing with PBS, tumor cells were cultured in DMEM supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 wg/ml
streptomycin at 37 Cin 10% CO,. Stromal cells were dimin-
ished by serial passage of tumor cells into new dishes 2-3 h
after seeding the cells to the first dishes. After several passages
of cells in 3-d intervals, the cells were cloned by dilution clon-
ing onto a feeder layer of mitomycin-C-treated embryonic
fibroblasts in 96-well microplates.

TT cells were cultured in Ham’s F-12K supplemented with
10% FBS at 37 C in 5% CO, as described previously (6).

Immunocytochemistry

Cells were cultured in a chamber slide system (Nulge Nunc,
Rochester, NY) and then fixed with 10% formalin for 15 min.
Formalin-fixed slides were immunostained using the avidin-bi-
otin peroxidase complex method (Vectastain ABC Elite kit; Vec-
tor Laboratories, Burlingame, CA) as described previously (11).
Slides were incubated with anti-carboxy (C)-terminal ghrelin
(amino acid, AA: 13-28) (12) (1:2000 at final dilution), which
detects both ghrelin and desacyl-ghrelin, amino N-terminal gh-
relin (12) that recognizes the #-octanoylated portion of ghrelin
(AA: 1-11; 1:5000), antiglucagon (1:500) (Dako, Glostrup,
Denmark), antisomatostatin (1:500) (Dako), and antigastrin (1:
500) (Dako).

Electron microscope

Electron microscope study was performed as described
previously (13). Cell pellets were fixed with 1% glutaralde-
hydeat4 Cfor 2 h. After washing in phosphate buffer, samples
were postfixed with 2% OsO, at 4 C for 2 h dehydrated with
ethanol and embedded in Quetol 812 (Nisshin EM, Tokyo,
Japan). Ultrathin sections of samples were cut, stained with
uranyl acetate for 15 min followed by lead acetate for 5 min,
and then viewed with an H-300 electron microscope (Hitachi,
Tokyo, Japan).

Measurements of ghrelin concentrations in cells
and culture medium

Cells were detached from dishes in enzyme-free cell dissoci-
ation buffer (Life Technologies). After centrifugation, cells
were dissolved in PBS and boiled for 5§ min. Acetic acid was
added to each solution to a final concentration of 1 M. After
needle shearing and centrifugation, the cell supernatants were
applied to Sep-Pak C18 cartridges (Waters Corp., Milford,
MA) preequilibrated with 0.9% saline. Cartridges were
washed in saline and 5% CH3CN/0.1% trifluoroacetic acid
and eluted with 60% CH3CN/0.1% trifluoroacetic acid. Elu-
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ates were lyophilized and subjected to ghrelin RIA. To mea-
sure ghrelin concentrations in culture medium, the collected
culture media were centrifuged, and the resulting superna-
tants were immediately applied to Sep-Pak C18 cartridges and
processed as described above. RIAs were performed using anti-C-
terminal ghrelin (AA: 13-28) antiserum (C-RIA), which detects
both ghrelin and desacyl-ghrelin, and anti-N-terminal ghrelin
(AA: 1-11) antiserum (N-RIA), which detects ghrelin only, as
described previously (12, 14).

RT-PCR and quantitative RT-PCR

Total RNA was extracted using a Sepasol-RNA kit (Nacalai
Tesque, Kyoto, Japan). Reverse transcription was performed
with a high-capacity cDNA reverse transcriptase kit (Applied
Biosystems, Foster City, CA). RT-PCR was performed using
a GeneAmp 9700 cycler (Applied Biosystems) with Ampli-
taggold using appropriate primers (Supplemental Table 1 pub-
lished on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org). Real-time quantitative PCR was
performed using an ABI PRISM 7500 sequence detection system
(Applied Biosystems) using appropriate primers and TagMan
probes or with Power SybrGreen (Supplemental Table 1). The
mRNA expression of each gene was normalized to levels of 18S
rRNA.

Western blotting

The molecular size of ghrelin in the medium was determined
by tricine SDS-PAGE and Western blot analysis as described
previously (10). MGN3-1 cells were seeded in 10-cm dishes
(5.0 X 10° cells/dish). Culture media were collected after a 3-d
incubation and subjected to HPLC purification and lyophiliza-
tion as described above. Tricine SDS-PAGE and Western blot
analysis were performed as described previously using anti-
COOH-terminal ghrelin antibody (1:5000) (10).

Reverse-phase HPLC

MGN3-1 cells were seeded in a six-well dish (5 X 10° cells/
well). After a washing in PBS, cells were incubated at 37 Cfor4 h
in DMEM supplemented with 0.5% BSA. Culture medium was
collected and subjected to reverse-phase HPLC as described pre-
viously (6).

Small interfering RNA (siRNA)

Synthetic siRNAs and a negative control were purchased
from Invitrogen (Carlsbad, CA). Two types of siRNAs specific
for ghrelin O-acyltransferase (GOAT) were used: GCGCUUCU-
GUUUAAUUAUCUCUGCA (si1l) and AGGAAGUCCAUAG-
GCUGACCUUCULU (si2). siRNAs were delivered into MGN3-1
cells using Lipofectamine RNAi Max (Invitrogen) according to
the protocol provided by the manufacturer. The medium was
changed after a 24-h incubation with siRNA. One mMm of oc-
tanoic acid was added to the medium. Ghrelin levels in the media
were measured after additional 6-d incubation.

Transplantation of MGN3-1 cells in nude mice

Eight-week-old male KSN nude mice were sc injected with
1.0 X 10”7 of MGN3-1 cells dissolved in PBS. Mice were housed
individually with continuous access to chow and water. Food
intake was measured by subtracting the remaining weight of the
chow from that originally presented.
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FIG. 1. Establishment of MGN3-1 cells A, Macroscopic findings of a ghrelinoma in a GP-Tag
Tg mouse. B and C, Morphology of MGN3-1 cells by optic (B) and electron (C) microscopy.
Secretory granules were observed (arrow). D and E, MGN3-1 cells were immunostained with
anti-C-terminal ghrelin (D) and anti-N-terminal (E) ghrelin antibodies. F, RT-PCR analysis of the
expression of MRNAs encoding gastric hormones in MGN3-1 cells. SST, Somatostatin; VIP,
vasoactive intestinal polypeptide. G, Ghrelin peptide content determined by C-RIA and N-RIA
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appropriate. Difference with P < 0.05 was
considered significant.

Results

Establishment of MGN3-1 cell line
GP-Tag Tg mice (10) develop gastric
tumors (Fig. 1A), which produce and
secrete ghrelin and preserving the
physiological regulation, at least by
feeding status, sex difference, and body
weights in vivo. We established a cell
line, MGN3-1 cell, from a gastric tu-
mor derived from a GP-Tag Tg mouse
(Fig. 1A). MGN3-1 cells formed round-
shaped aggregates that stuck together
with moderate adhesion to culture
dishes (Fig. 1B). These cells contained
secretory granules when observed by
electron microscopy (Fig. 1C). MGN3-1
cells exhibited ghrelin-like immunore-
activity by immunocytochemistry using
anti-N-terminal, which recognizes ghrelin
only, and anti-C-terminal ghrelin, which
recognizes both ghrelin and desacyl gh-
relin, antibodies (Fig. 1, D and E). We
found the production of ghrelin mRNA
by MGN3-1 cells using RT-PCR (Fig.

in TT and MGN3-1 cells. H and |, Time course changes of ghrelin levels in the medium in
which MGN3-1 cells were incubated. **, P < 0.01 compared with 1 h (n = 9).

Measurements of plasma ghrelin concentrations

Plasma samples were collected as reported previously
(10). Plasma ghrelin and desacyl ghrelin concentrations were
determined using an active ghrelin ELISA kit that recog-
nizes #-octanoylated ghrelin and a desacyl ghrelin ELISA kit
(both from Mitsubishi Kagaku Iatron, Tokyo, Japan), respec-
tively (15).

Batch incubation study

MGN3-1 cells were seeded and cultured overnight in 12-
well plates (7.5 X 10° cells/well). After a washing in PBS, cells
were incubated at 37 C for 4 h in DMEM or Krebs-Ringer
buffer (KRB) supplemented with 0.5% BSA and the indicated
additional reagents (octanoic acid, somatostatin, or insulin)
before collecting supernatants. Ghrelin concentrations in the
supernatant were measured by RIA as described above. To
determine the expression levels of ghrelin and GOAT mRNA,
cells were incubated at 37 C for 24 h in DMEM supplemented
with 0.5% BSA and the indicated additional reagents.

Statistical analysis

All values were expressed as the means = st. The statistical
significance of the differences in mean values was assessed by
ANOVA with a post hoc test (Tukey’s test) or Student’s ¢ test as

1F). This method also detected low lev-
els of preproglucagon and gastrin
mRNA (Fig. 1F) in MGN3-1 cells,
whereas immunostaining with antiglu-
cagon and antigastrin antibodies could not detect any ex-
pression of these proteins (data not shown). No expression
of somatostatin and vasoactive intestinal polypeptide
mRNA was observed in MGN3-1 cell (Fig. 1F). MGN3-1
cells contained approximately 140-fold higher levels of
total ghrelin (7-octanoylated ghrelin plus desacyl ghrelin)
measured by C-RIA and approximately 5000-fold higher
levels of ghrelin measured by N-RIA than those observed
in TT cells (Fig. 1G). The ghrelin levels in the medium were
increased time dependently when MGN3-1 cells were in-
cubated in DMEM (Fig. 1, H and I).

Acyl modification and maturation of ghrelin in
MGN3-1 cells

MGN3-1 cells expressed GOAT, prohormone conver-
tase (PC) 1/3 and PC2 mRNA (Fig. 2A). The molecular size
of ghrelin examined by tricine SDS-PAGE and Western
blot analysis in culture medium was consistent with that of
mature ghrelin (Fig. 2B). In addition, when the culture
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Transplantation of MGN3-1 cell to
nude mouse

When MGN3-1 cells were injected
sc into nude mice, they developed
solid tumors (Fig. 3A). Plasma ghrelin
and desacyl ghrelin levels were signif-
icantly elevated in nude mice 4 wk af-
ter MGN3-1 cell injection (Fig. 3, B
and C). Mice injected with MGN3-1
cells exhibited significantly higher
food intake in comparison with con-
trols (PBS ws. cell: 21.4 = 0.5 wvs.
23.3£0.7 g/wk, P <0.05) 4 wk after
injection (Fig. 3C).

CH,CN (%)

The effect of somatostatin and
insulin on ghrelin secretion and
expression in vitro

MGN3-1 cells expressed the mRNAs
encoding multiple somatostatin re-
ceptors, primarily type 2 and 5 with
lower levels of type 3 and 4 (Fig. 4A.
When somatostatin was added to cul-
ture media, ghrelin secretion was sup-
pressed in a dose-dependent manner
(Fig. 4, B and C). MGN3-1 cells also
expressed mRNA of insulin receptor

FIG. 2. Acylation and processing of ghrelin in MGN3-1 cells. A, RT-PCR analysis of GOAT,
PC1/3, and PC2 mRNA expressions in MGN3-1 cells. B, Western blot analysis of culture
medium in which MGN3-1 cells were cultured for 3 d. Rat ghrelin peptide was used as a

positive control. C, Representative reverse-phase HPLC profiles of ghrelin immunoreactivity in

the medium in which MGN3-1 cells were cultured for 4 h. D, The ratio of N-RIA to C-RIA of

ghrelin secreted by MGN3-1 cells incubated for 4 h in KRB supplemented with 0.5% BSA and

various concentrations of octanoic acid. **, P < 0.01 in comparison with (=) (n = 9). E,
GOAT mRNA levels after siRNA treatment of MGN3-1 cells. Two types of siRNA specific for
GOAT (Si1 and Si2) and negative control (nega) were introduced into MGN3-1 cell. *, P <

0.05, **, P < 0.01 in comparison with (=) (n = 7). AU, Arbitrary unit. F, The ratio of N-RIA to

C-RIA of ghrelin secreted by MGN3-1 cells after siRNA treatment. *, P < 0.05, **, P < 0.01

(Fig. 4A). Addition of insulin to cul-
ture media also suppressed ghrelin se-
cretion from MGN3-1 cell (Fig. 4, D
and E). Somatostatin treatment did
not affect mRNA expression of either
ghrelin or GOAT, even for 24 h incu-
bation (Fig. 4, F and G), whereas in-
sulin significantly suppressed them

in comparison with (=) (n = 7).

media were subjected to reverse-phase HPLC, the immu-
noreactive peaks detected by C-RIA and N-RIA were
eluted at the positions identical with those of desacyl gh-
relin and ghrelin (Fig. 2C). When MGN3-1 cells were in-
cubated in KRB supplemented with 0.5% BSA, addition of
octanoic acid to KRB significantly increased the ratio of
n-octanoylated ghrelin measured by N-RIA to total gh-
relin measured by C-RIA (N to C ratio) (Fig. 2D). Spe-
cific siRNA1 and siRNA2 treatment decreased GOAT
mRNA levelsin MGN3-1 cells to 85 and 6 5% of normal
levels, respectively (Fig. 2E). The N to C ratio was sig-
nificantly decreased by GOAT knockdown (Fig. 2F),
indicating that GOAT mediates the acylation of ghrelin
in MGN3-1 cells.
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(Fig. 4, Hand I).

Discussion

In this study, we successfully established the first ghreli-
noma cell line, MGN3-1 cell. When establishing a cell line
for a research tool, the most important thing is how the
established cell line keeps its original characteristics. We
evaluated the value of MGN3-1 cell by three points: the
quantity of ghrelin production, the maintenance of ma-
chineries involved in acyl modification and maturation of
ghrelin, and the preservation of known iz vivo regulation
of ghrelin secretion.

With regard to the amount of ghrelin production,
MGN3-1 cells produced substantial quantities of ghrelin,
approximately 5000-fold greater than that produced by
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FIG. 3. Transplantation of MGN3-1 cell to nude mouse. A, Macroscopic findings of nude
mice injected with MGN3-1 cells. B and C, Plasma ghrelin (B) and desacyl ghrelin (C) levels in
nude mice at 4 wk after injection of saline or MGN3-1 cells. D, Cumulative food intake over a
week (between 4 and 5 wk after injection) by mice injected with MGN3-1 cells (cell) or PBS.
* P < 0.05 in comparison with PBS (n = 5).

TT cells (6). It may be reasonable because TT cell is orig-
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relin acyl modification and maturation,
the MGN3-1 cell expressed two key en-
zymes: GOAT for acylation (16) and
PC1/3 for processing (17). We con-
firmed the activity of GOAT in the
MGN3-1 cell by the experiment in
which the ratio of ghrelin to total gh-
relin levels was decreased by knocking
down the GOAT in MGN3-1 cells. Fur-
thermore, addition of octanoic acid sig-
nificantly increased the N to C ratio of
ghrelin in the medium, which is consis-
tent with the iz vivo finding by Nishi ez
al. (18). We consider these findings im-
portant because acyl modification of
ghrelin is one of the targets of drug dis-
covery. On the other hand, tricine-SDS
PAGE followed by Western blot analysis
and reverse-phase HPLC confirmed the
maturation of ghrelin in MGN3-1 cells.
To provide a concrete evidence for the
ability of producing bioactive ghrelin of

inated from thyroid medullary carcinoma, not from gas-  MGN 3-1 cells, we performed a transplantation of MGN3-1
tric ghrelin-producing cells. As for the machinery of gh-  cells to nude mice, which resulted in the increase in plasma
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FIG. 4. The effect of somatostatin and insulin on ghrelin secretion and expression in MGN3-1
cells. A, RT-PCR analysis of somatostatin receptor (SSTR) types 1-5 and insulin receptor (IR) mRNA
expressions in MGN3-1 cells. B-F, Ghrelin secretion was suppressed when MGN3-1 cells were
incubated in DMEM supplemented with somatostatin (B and C) or insulin (D and E) for 4 h (n = 6). F,
Somatostatin did not affect the expression levels of ghrelin (F) and GOAT (G) mRNA in MGN3-1 cell
after 24 h incubation, whereas insulin significantly suppressed the expression levels of ghrelin (H) and
GOAT () mRNA (n = 6). AU, Arbitrary unit. *, P < 0.05, **, P < 0.01 in comparison with (—).
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ghrelin levels and the enhancement of
food intake in the nude mice. These re-
sults indicate that MGN3-1 cell keeps
the ability to produce a substantial
amount of bioactive ghrelin with nor-
mal acyl modification and maturation.

Lastly, we examined the effect of a fac-
tor known to effect ghrelin secretion in
vivo. Numerous reports exist examining
the factors that regulate ghrelin secretion
in vivo (19-27). Among those, the sup-
pression of ghrelin secretion by soma-
tostatin (19-22) or insulin (28, 29) is
well established. We confirmed that
ghrelin secretion is suppressed by so-
matostatin and insulin in MGN3-1
cells, indicating that MGN3-1 cells
preserves the intrinsic characteristics
of ghrelin-producing cells, at least with
regard to its regulation by somatostatin
and insulin.

In summary, we have established the
first ghrelinoma cell line MGN3-1. The
MGN3-1 cell line produces high amounts
of bioactive ghrelin with normal acyl
modification and maturation and retains
physiological regulation by somatosta-
tin. MGN3-1 will be a useful tool for
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studying ghrelin production and secretion as well as for
screening of ghrelin-modulating drugs.
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TECHNICAL COMMUNICATIONS

Generation of Transgenic Mice Overexpressing a
Ghrelin Analog

Go Yamada, Hiroyuki Ariyasu, Hiroshi Iwakura, Hiroshi Hosoda, Takashi Akamizu,
Kazuwa Nakao, and Kenji Kangawa

Department of Endocrinology and Metabolism (G.Y., K.N.), Kyoto University Graduate School of
Medicine, and Ghrelin Research Project (H.A., H.l., T.A., K.K.}, Translational Research Center, Kyoto
University Hospital, Kyoto 606-8507, Japan; and Department of Biochemistry (H.H., K.K.), National
Cardiovascular Center Research Institute, Osaka 565-8565, Japan

After the discovery of ghrelin, we attempted to generate ghrelin gene transgenic (Tg) mice. These
animals, however, produced only des-acyl ghrelin, which lacked the n-octanoyl modification at Ser®
necessary to manifest ghrelin activity. Because the mechanism for acyl-modification of ghrelin had
been unclear until the recent identification of GOAT (ghrelin O-acyltransferase), it had been dif-
ficult to generate Tg mice overexpressing ghrelin using standard procedures. Therefore, we
planned to generate Tg mice overexpressing a ghrelin analog, which possessed ghrelin-like activity
in the absence of acylation at Ser? and could be synthesized in vivo. As the replacement of Ser® of
ghrelin with Trp? (Trp-ghrelin) preserves a low level of ghrelin activity and Trp®-ghrelin can be
synthesized in vivo, we generated mice overexpressing Trp*-ghrelin by using the hSAP (human
serum-amyloid-P) promoter. Plasma Trp3-ghrelin concentrations in the Tg mice were approxi-
mately 85-fold higher than plasma ghrelin concentrations in non-Tg littermates. Because Trp*-
ghrelin is approximately 1/10-1/20 less potent than ghrelin in vivo, plasma Trp>-ghrelin concen-
trations in Tg mice were calculated to have an activity approximately 6-fold greater than that
of acylated ghrelin seen in non-Tg mice (85-fold x 1/10-1/20). Tg mice exhibited a normal
growth and glucose metabolism in their early life stage. However, 1-yr-old Tg mice demon-
strated impaired glucose tolerance and reduced insulin sensitivity. This model will be useful to
evaluate the long-term effects of ghrelin or ghrelin analogs. In addition, this technique may
be a useful method to generate gain-of-activity models for hormones that require posttran-
scriptional modifications. (Endocrinology 151: 5935-5940, 2010)

hrelin, an endogenous ligand for the GH secreta-
G gogue receptor (GHS-R) (or ghrelin receptor), is a
stomach-derived 28-amino acid peptide hormone modi-
fied by n-ontanoylic acid at the third Ser residue (Ser?) (1).
This modification is essential for ghrelin activity (1),
Since ghrelin was discovered, several groups, including
us, have been trying to generate transgenic (Tg) mice over-
expressing ghrelin under the control of different promot-
ers (2-7). All of these animals, with the exception of two
lines created by Reed et al. (5) and Bewick et al. (8), pro-
duced des-acyl ghrelin only. This form lacks the n-oc-
tanoyl modification at Ser® and is devoid of ghrelin activ-
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ity. The mechanism for ghrelin acylation had been unclear
until the recent identification of ghrelin O-acyltransferase
(GOAT) (9). Because GOAT had not yet been identified
when we initiated this study and it had proved to be
difficult to generate the Tg mice overexpressing ghrelin
by standard procedures, we planned to generate Tg mice
overexpressing a ghrelin analog possessing ghrelin-like
activity without Ser? acylation that could be synthesized
in vivo.

Matsumoto et al. (10) investigated the effect on ghrelin
bioactivities of replacement of the octanoylated Ser at the
third position with other amino acids, such as tryptophan

Abbreviations: C-RIA, RIA recognizing the C-terminal region of ghrelin; GOAT, ghrelin
O-acyltransferase; GHS-R, GH secretagogue receptor; hSAP, human serum-amyloid-P;
N-RIA, RIA recognizing the N-terminal region of ghrelin; Tg, transgenic; Trp, tryptophan;
Trp3-ghrelin, ghrelin analog with the third amino-acid residue (Ser) replaced by Trp.

endo.endojournals.org 5935
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(Trp), Val, Leu, or Ile. The ghrelin-like activity of these
synthetic peptides was evaluated by EC;, values, deter-
mined by an increase in intracellular calcium concentra-
tions [Ca®*]; in GHS-R-expressing cells. Replacement of
Ser® with Trp® (Trp*-ghrelin) preserved ghrelin activity
withan EC;,o0f 31 nmin comparison with 1.3 nmfor intact
ghrelin. Replacement of Ser® with Val3, Leu?, or Ile® led to
complete loss of ghrelin potency. Although ghrelin analog,
in which the Ser® residue was replaced by Trp (Trp>-gh-
relin) is approximately 24-fold less active than native gh-
relin in vitro, it can be synthesized in vivo. Thus, we se-
lected Trp>-ghrelin as a candidate ghrelin analog.

In this study, we examined whether Trp>-ghrelin exerts
ghrelin-like activity in vivo. After confirming this activity,
we generated Tg mice overexpressing Trp>-ghrelin.

Materials and Methods

All animal protocols were approved by the Kyoto University
Graduate School of Medicine Committee on Animal Research.
Animals, housed in air-conditioned animal quarters with light
between 0800 and 2000 h, were maintained on standard rat
chow (CE-2, 352 kcal/100 g; Japan CLEA, Osaka, Japan).

Experiment 1, the in vivo effects of Trp3-ghrelin
Eight-week-old male C57BL/6 mice were purchased from Ja-
pan CLEA. Ghrelin was obtained from Peptide Research Insti-
tute (Osaka, Japan). Trp3-ghrelin, in which the Ser? residue was
replaced by Trp, was synthesized as previously described (10).

Food intake

Mice (n = 8, each group) were injected sc with saline, ghrelin
(120 or 360 mcg/kg), or Trp>-ghrelin (360, 1200, or 3600 mcg/
kg) before measuring a 2-h food intake.

GH secretion

Mice (n = 8, each group) were injected with iv saline, ghrelin
(4,12, 40, or 120 mcg/kg), or Trp>-ghrelin (12, 40, 120, or 360
mcg/kg). Blood samples were collected from the retro-orbital
vein 10 min after injection and stored at —20 C until assessed.

Inhibition of glucose stimulated insulin secretion

After a 12-h fast, mice (n = 8, each group) were injected iv
with 1.0 g/kg glucose, together with saline, ghrelin (120 or 360
mcg/kg), or Trp>-ghrelin (1200 or 3600 mcg/kg). Blood samples
were collected 1 and 10 min after injection and stored at —20 C
until assessed.

Experiment 2, generation of Tg mice
overexpressing a ghrelin analog, Trp>-ghrelin

Plasmid construction and generation of Tg mice

We generated a fusion gene of the human serum-amyloid-P
(hSAP) promoter and full-length mouse preproghrelin cDNA (1,
11}. Plasmid hSAP-ghrelin was constructed by inserting mouse
preproghrelin cDNA into the unique EcoRI site between the
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hSAP promoter and the 3'-flanking sequence of the rabbit B-glo-
bin gene. Mutations were created using a QuikChange Site-
Directed Mutagenesis kit, according to the manufacturer’s instruc-
tion. The hSAP-ghrelin plasmid was used as the template for PCR
amplification. To replace the AGC codon encoding Ser to a TGG
codon encoding Trp, we used two oligonucleotide primers:
5'-GGACATGGCCATGGCAGGCTCCTGGTTCCTGAGCCC-
AGAGC-3' and 5'-GCTCTGGGCTCAGGAACCAGGAGCC-
TGCCATGGCCATGTCC-3'. The mutated construct was veri-
fied by sequencing (please see figure 2A). The DNA fragment en-
coding mutant ghrelin was excised from the plasmid by digestion
with Sall and HindIll (see figure 2B), then purified and microin-
jected into the pronuclei of fertilized eggs as reported (11). Founder
Tg mice were identified by PCR analysis and bred against C57BL/6
mice.

Please refer to Supplemental Methods, published on The
Endocrine Society’s Journals Online web site at http:/
endo.endojournals.org, for real-time quantitative RT-PCR,
semiquantitative PCR, glucose and insulin tolerance tests,
measurements of insulin-releasing ability, body weights, body
length, body composition, daily food intake, hormonal pa-
rameters, and statistical analyses.

Results

Experiment 1, the in vivo effects of Trp3-ghrelin
on food intake and GH secretion

To elucidate whether Trp3-ghrelin has ghrelin-like po-
tency in vivo, 8-wk-old male C57BL/6 mice were admin-
istrated vehicle, ghrelin, or Trp>-ghrelin before determin-
ing food intake over a period of 2 h. Injection of ghrelin or
Trp-ghrelin stimulated food intake in a dose-dependent
manner (Fig. 1A). The 2-h food intake after injection of
3600 mcg/kg of Trp>-ghrelin was 0.47 + 0.04 g, which
was 2.2-fold higher than that seen in vehicle-injected mice
{0.21 = 0.02 g/2 h). This level of stimulation was similar
to that seen in mice injected with ghrelin at a dose of 360
mcg/kg. Serum GH levels increased after injection of 360
mcg/kg Trp>-ghrelin to 133.9 * 46.1 ng/ml, which was
21-fold higher than that seen after vehicle injection (6.4 *
1.1 ng/ml) and similar to those seen after ghrelin injection
at 40 mcg/kg (138.8 * 26.5 ng/ml, respectively) (Fig. 1B).
Injection of ghrelin or Trp*-ghrelin inhibited glucose-stim-
ulated insuline release in a dose-dependent manner (Fig.
1C). The 10-min insulin response was significantly inhib-
ited by 3600 mcg/kg Trp’-ghrelin and 360 mcg/kg to the
same extent (0.78 + 0.09 and 0.63 % 0.06 ng/ml), com-
pared with saline (1.10 = 0.01 ng/ml). These results in-
dicated that Trp>-ghrelin stimulates food intake and GH
secretion and inhibits glucose-stimulated insulin secre-
tion in a manner similar to ghrelin with a potency ap-
proximately 1/10-1/20 (Trp3-ghrelin needs about 20-
fold amount for stimulation of food intake, about 10-fold
amount for GH secretion, and about 10-fold amount for
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