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Previous physiological studies have suggested central roles of brain natriuretic peptide
(BNP). However, little information is available about the localization of BNP in the brain. In
this study, we determined cDNA sequence encoding the entire coding region of prepro-BNP
of Japanese and cynomologus monkeys, and then examined the immunohistochemical
localization of BNP in the monkey hypothalamus. japanese and cynomologus monkey
prepro-BNP consisted of 132 amino acid residues with biologically active C-terminal 32
amino acids. Comparisons of deduced amino acid sequences among different species
revealed high homology between monkey and human (91% in prerpro-BNP and 97% in
the mature region). Immunchistochemical examination showed that BNP immunoreactive
dots were observed in the paraventricular, periventricular, and supraoptic nuclei of the
monkey hypothalamus. The present result suggests the central role of BNP in the neu-
roendocrine system in the hypothalamus. .
& 2006 Elsevier Inc. All rights reserved.

L Introduction

BNP is mainly synthesized, stored, and released in the
ventricular myocardium [20]. A previous study using in situ

Brain natriuretic peptide (BNP), a- member of natriuretic
peptide family, is a potent natriuretic, diuretic, and vasor-
elaxant peptide (for reviews [11,16,17,20]). It was originally
isolated from the porcine brain [23]. Then, the nucleotide and
amino acid sequences of BNP have been identified for several
mammalian species, including human, cattle, sheep, dog,
mouse, rat, feline, and camel [1,2,8,10,14,15,18,19,22]. Unlike
ANP, BNP has species variations in both its structure and
tissue distribution [16,20]. Particularly the human BNP
sequence differs from other species. Therefore, it is important
to clarify the BNP sequence of monkey thatis phylogenetically
similar to human.

* Corresponding author. Tel.: +81 77 548 2328; fax: +81 77 548 2402.
E-mail address: kinchan@belle.shiga-med.acjp (I. Tooyama).

hybridization reported that BNP mRNA was not detected in
the brain [12]. However, physiological studies have demon-
strated the possible role of BNP in the brain, particularly in
the hypothalamus [7,25]. Previous radioimmunoassay stu-
dies reported that BNP was detected in the distinct brain
regions including the hypothalamus [6,24]. The high density
binding sites for BNP was also reported in the subfornical
organ, the supraoptic nucleus (SON), and paraventicular
hypothalamic nucleus (PVN) [3]. NPR-A mRNA was found in
the subfornical organ [13], that is not separated from the
blood by blood-brain barrier. These results suggest that BNP
expressed in the heart may enter the brain and play an

0196-9781/$ - see front matter ¢ 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.peptides.2006.01.001
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important role in the hypothalamus [9]. However, little
information is available about the localization of BNP in the
hypothalamus with an exception of rat [21]. Our aim in this
study was to clone the coding region of BNP of Japanese
monkey (Macaca fuscata) and cynomologus monkey (Macaca
fasicularis), and to investigate the immunohistochemical
localization of BNP in the hypothalamus of cynomologus
monkey.

2. Materials and methods
2.1.  Tissue preparations

Samples were obtained from the heart ventricles (right and
left) of two Japanese monkeys (13 and 17 years old) and one
cynomologus monkey (the age not determined), as well as
hypothalamus of one cynomologus monkey immediately after
sacrificing the animals that were used for other research
purposes by other researchers. The animal use protocols were
approved by the Institutional Animal Care and Use Committee
{IACUC) of Shiga University of Medical Science. Specimens
were stored frozen at —80°C until use. For immunohisto-
chemistry, samples were obtained from brain of two cyno-
mologous monkeys (the age not determined) and immediately
fixed in 4% paraformaldehyde in 0.1 M phosphate bufferpH 7.4
for 2 days at 4°C, then subjected to sucrose 15% in 0.1M
phosphate buffer pH 7.4 with 0.1% sodium azide, the sucrose
was changed every day for 4 days and then stored in sucrose at

4 °C until sectioning. Fixed tissues were subjected to cryostat
sectioning at ~20°C. -

2.2.  BNP cloning

Total RNA was extracted by using Trizol reagent (Invitrogen
Corp. Carlsbad, CA, USA), and then was reverse-transcripted
into cDNA using superscript Il (Invitrogen). Polymerase chain
reaction (PCR) amplification of ¢cDNA was carried out using
four BNP primers to get complete coding region sequence. The
primers were 5'-ATGGATCCCCAGACAGCACCTTCC-3 (sense),
5'-TTAATGCCGCCTCAGCACTTTGCA-3' (antisense), 5'-AGCC-
TCCGCAGTCCCTCCAGAGAC-3 (sense), and 5-AGGTGTCTG-
CAGCCAGGACTTCCT-3' (antisense). These primers were
designed from human BNP sequence that is available in
GenBank with accession no. BC025785. The amplification
profile consisted of initial step of denaturation at 95 °C for
10 min, 40 cycles of 30s at 95°C, 30s at 56°C, and 1 min at
72 °C, followed by a final extension at 72 °C for 10 min. The PCR
product was directly sequenced by dideoxynucleotide chain
termination reaction and primer-walking methods using
automated DNA sequencer.

2.3.  Reverse transcription polymerase chain reaction (RT-
PCR)

Total RNA was extracted from heart and hypothalamus
samples by using Trizol reagent (Invitrogen Corp. Carlsbad),
and then was reverse-transcripted into ¢DNA using super-

J.m. 1 ATGGATCCCCAGACAGCACCTTCCCGGETGCTTCTGCTTCTGCTCTTCTTGCACCTGGCTCTCCCGGGAG 70
FEECODUT LT T R e e e e e e i
C.m. 1 ATGGATCCCCAGACAGCACCTTCCCGGGTGCTCCTGCTTCTGCTCTICTTGCACCTGGCTCTCCCEGGAG 70
Jm. 71 GICGITCCCACCCACTGBECAGTTCGECCTCGGACTTGEAARCGTCTGEGTTACAGGAGCAGCGCAACCA 140
AR RN RN R R RN R RN RN AR R RN R RN R R RN AR RN AR N R RARRRRRRRRRE]!
Cm. 71 GICGTITCCCACCCACTGGECAGTTCGGCCTCGGACTTGGARACGTCTIGEGTTACAGGAGCAGCGCAACCA 140
Jm. 141 TTTGCAGGGCAAACTCTCAGAGCTECAGCGTGEAGCAGATATCCCTGGAGCCCCCCCAGGAGAGCCCCCET ‘210

CLCTELET R R R e e b b e e e e e e e e
C.m. 141 TTTGCAGGGCAAACTCTCACAGCTGCAGGIGEAGCAGATATCCCTGGAGCCCCCCCAGGAGAGCCCCCET 210

Jm. 211 CCCACAGGTATCTGGAAGGCCCAGGAGGCAGCCACTGAGGGCATCCGTGGCCACCCGCARAATGETCCTGT 280

RN RN RN RN R R RN R R R RN RN RN R R R R RN AR RN RN RN SRR RN RRRARARRY
C.m. 211 CCCACAGGIATCTGGAAGGCCCAGGAGGCAGCCACTEAGGGCATCCETGECCACCGCAARATGETCCTGT 280

281 ACACCCTGCGGGCACCGCGAAGCCCCAAGATGETACCAGGETCTCCCTCCTITGGGAGGAAGATGCACCE 350

PR R R T R R e e e et

281 ACACCCTGCGGGCACCGCGAAGCCCCAAGATGGTACGAGGGTCTGGCTGCITICEEACCAAGATGGACCG 350

Jm. 351 GATCAGCTCCTCCAGCGGCCTGGGCTGCAAAGTGCTGAGGCGECATTAA 399
PEECELEOE R e i o bbb e e e e e g b
C.m. 351 GATCAGCTCCTCCAGCGGCCTGGGCTGCARAGTGCTGAGGCGGCATTAA 399

Fig. 1 - Alignment of nucleotides sequence of the coding region of BNP of Japanese monkey with cynomologus monkey.
The coding region was 396 bp in both animals. Note the nucleotides mark with (#) indicates the only difference between

" both sequences. Underlined TAA is the stop codon.
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Japanese M. MDPQTAPSRV LLLLLELHLA LPGGRSHPLG S=--SASDLET SGLQEQRNHL QGK-LSELQV EQISLEPFQE 67
Cynomologs M. ... ...ic: cititenir s ese s [ et e 67
Human =000 c.iieeeen - FL........ R =2 < e TN [ I 69
Sheep K.L..T .....0... S .L.C...... GPG...E.P~- -....LLDR. RDR-V A ,.LRV..L.Q 67
pig G.RM.LP.~- V........ L .L.C...... GAGL..E.P~- -.I..LLDR. RDR-V A .RTD...LRQ 66
Camel .G....LP.A ..F...... S L.CL..... GPGP., .E.P- =-,I..LLDR, RDRVI..,.A ..MD.K.L.Q 68
cat L WKOULLLA L. S PhL........ GPGP, .EAS- -AI..LLDG. RDT-V .E A MA.G.L.Q &7
Mouse ..LLKVL.QM I.F....¥.S PL..H..... .PSQSPEQF~ -KM.KLLELI RE, ~----- S .EMAQRQLLK 62
Japanese M. SPRPTGIWKA QEAATEGIRG HRKMVLYTLR APRSPKMVRG SGCFGRKMDR ISSSSGLGCK VLRRH 132
CYnomologls M. .t it et teaieaa e e aaia e aaateesea sereasaaen saeaseseans seaen 132
Human === caiaees Ve o8 RVt ine teessinenn snsnnaes o 134
Sheep GQGLEET.DS PA..PA.FL. PHHSL.QA.. G--- M.D ... RL., G, L..... N ¥ 129
pig DRGL.EA.E. R...PT.VL. P.SSIFQV.. @I T™.D ...... RL. i 0 "IN N ¥ 131
Camel GQGLAEA.ET PA.FP.RVT. P.NK..EA.. GI..... M.D .S .RL. .G.L..... N ¥ 133
cat GHS.AES.E. ..EPPARVLA PHDN..RA.. RLG.S..M.D .R....RL. R = 0 /PN N ..... 132
Mouse DQGL ., ~ ==~~~ -KEHPKRVLR SQGST.RVQQ R.QNS.VTHI .S...H.I .@.V.R N A.KLL 121

Fig. 2 - Alignment of deduced amino acid sequences of Japanese and cynomologus monkeys prepro-BNP with those of
human, sheep, pig, camel, cat, and mouse. Dots (--) showing identical amino acids, and dashes (- - -) showing gaps.
The GenBank accession numbers are: human (BC025785), sheep (AF037466), pig (NM_213846), camel (AB127392), cat

(NM_001009244), and mouse (NM_008726).

script III (Invitrogen). Polymerase chain reaction (PCR) ampli-
fication of cDNA was carried out using BNP primers. The
primers were 5-AGCCTCCGCAGTCCCTCCAGAGAC (sense),
and 5-AGGTGTCTGCAGCCAGGACTTCCT (antisense). The
amplication profile was the same as used for cloning.

2.4. Immunospot test

Human BNP was purchased form Peptide Insitute (Osaka,
Japan) and monkey BNP was synthesized by the Central
Research Laboratory at Shiga University of Medical Science.
Small drops (1 pl) of human and monkey BNP were spotted on
the nitrocellulose membrane at a dose of 100, 25, 6.3, 1.2, and
0.4 pmbol/pl. After drying in air, the membrane was incubated
with 2% gelatin in Tris-buffered saline (pH 7.5) containing 0.1%
Tween 20 (TBST) to block non-specific protein binding (Sigma).
The membrane was incubated for 2 h with the BNP antibody at
1/5000 dilution in TBST. After washing with TBST, the
membrane was incubated for 1h with a peroxidase-coupled
anti-rabbit 1gG Fab’ fragment (Histofine; Nichirei Corporation,
Tokyo, Japan; diluted 1:20). Peroxidase labeling was detected
with 0.02% 3,3'-diaminobenzidine in 50 mM Tris-HCl buffer
(pH 7.6) containing 0.3% nickel ammonium sulfate.

2.5.  Immunohistochemistry

Serial cryostat sections (18 um) were floated in 0.1 M phos-
phate buffer saline with 0.3% Triton X-100, pH 7.4 (PBST) for 4
days at 4 °C and treated in a free-floating state. Endogenous
peroxidase activity was killed by incubation in 0.5% Hy0; in
PBST, pH 7.4 for 30 min. After rinsing three times with PBST for
10 min each, the sections were incubated in 2% normal goat
serum (Invitrogen) for 30 min at room temperature. Then they
were incubated for 48h at 4°C with a rabbit polyclonal
antibody against human-BNP (A-018, IBL Co. Ltd., Gunma,
Japan) at a dilution of 1:5000 and polyclonal rabbit antiserum
prepared against human-AVP (Chemicon, Temecula, CA,
USA), at a dilution of 1:10,000. After rinsing three times with
PBST for 10 min each, sections were incubated for 1 h at room

temperature with biotinylated goat anti-rabbit IgG at a dilution
of 1:500 (Vector Laboratories, Burlingame, CA, USA), then
incubated for 1 h at room temperature with an avidin-biotin-
peroxidase complex at a dilution of 1:4000 (ABC Elite, Vector
Laboratories). The peroxidase-labeled sections were devel-
oped in 0.02% 3,3-diamine-benzidine tetrahydrochloride with
0.07% nickel ammonium sulfate in 50 mM Tris-HCl, pH 7.6,
with 0.005% hydrogen peroxide.

Double immuostaining was employed to detemine a cell
type of BNP-containing cells. After the first BNP immunos-
taining with purple color, the sections were treated for 30 min
atroom temperature with 0.5% hydrogen peroxide in PBST to
eliminate the residual horseradish peroxidase activity.

(Bj

04 pmol

haman BNP

monkey BNP

Fig. 3 - (A) Reverse transcription polymerase chain reaction
(RT-PCR) analysis for BNP and actin expression in
cardiomyocytes and hypothalamus of cynomologus
monkey. (B) Immunospot test using human and monkey
BNP probed with the BNP antibody (1:5000).
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Subsequently, the sections were washed in PBST and
incubated with the antibodies to cell markers. The antibodies
were mouse monoclonal anti-MAP2 (1:500, Sigma), mouse
monoclonal anti-GFAP (1:500, Chemicon), mouse monoclonal
anti-CNPase (1:2000, Chemicon), or mouse monoclonal anti-
CD54/ICAM-1 (1:100, Immunotech, France) antibodies. After
rinsing sections three times with PBST, they were incubated
for 2h at room temperature with histofine anti-mouse IgG
complex at a dilution of 1:20 (Nichirei, Japan). Washing three
times with PBST, then the sections were developed in 0.02%
3,3-diamine-benzidine tetrahydrochloride in 50mM Tris-
HCl, pH 7.6, with 0.005% hydrogen peroxide to yield a brown
color.

For an immunohistochemical control, the sections were
stained using the BNP primary antibody pre-absorbed with
BNP antigen (human BNP-32 hormone, Peptide Institute,

Osaka, Japan) for 24h at 4°C. The staining was abolished
using the antibody pre-absorbed with BNP peptides (data not
shown).

3. Results
3.1.  Molecular cloning of BNP

Fig. 1 shows the entire coding region of BNP in Japanese and
cynomologus monkeys. The nucleotide sequence of Japanese
monkey BNP was identical to that of cynomologus monkey
except one nucleotide which was T in Japanese monkey
prepro-BNP and replaced by C in cynomologus monkey (Fig. 1).
But the deduced amino acid sequence was completely
identical without any difference (Fig. 2). Prepro-BNP of

Fig. 4 - (A-D) BNP- and AVP-like immunoreactivity in PUN and periventricular nucleus of cynomologus monkey. (A) BNP-like
immunoreactivity in the PVN and periventricular nucleus (arrow). (8) AVP immunoreactivity in the PVN. 3V, third ventricle.
{C) High magnification showing BNP immunoreactive clustered granules (arrow). (D) High magnification showing
immunoreative vasopressinergic neurons and its neuronal processes in the PVN. Note bipolar and multipolar AVP neurons,
and large and small AVP neurons. Bars in (A and B) = 10 pm and (C and D) =5 pm. )
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Japanese and cynomologus monkey consisted of 132 amino
acid residues (Fig. 2). The signal peptides were 26 amino acid
residues, followed by 106 amino acids as pro-BNP which was

" cleaved into C-terminal 32 amino acid residues and a 74 amino
acid N-terminal fragment (Fig. 2). The C-terminal 32 residues
which constituted a mature BNP, was preceded by a single
arginine residue which is proteolytic processing site. The C-
terminal sequence of BNP contained two cysteine residues to
form a 17-residue ring structure, which commonly occurs in
the natriuretic peptide family (Fig. 2).

The deduced amino acid sequences of prepro-BNP of
Japanese and cynomologus monkey were 91% homologous to
that of human prepro-BNP which became 97% identical in the
mature region (BNP-32). By contrast, it was 54, 52, 51.8, 50.7,
and 28% to those of sheep, porcine, camel, cat, and mouse
prepro-BNP, respectively (Fig. 2).

L S SR

3.2. RT-PCR examination

RT-PCR analysis showed negative BNP gene in the hypotha-
lamus of cynomologus monkey, although 406 bp of BNP
gene was obtained in the heart of cynomologus monkey
(Fig. 3A).

3.3.  Immunohistochemical localization of BNP in the
hypothalamus

In order to clarify that the antibody can detect monkey BNP,
the immunospot test was employed. The spot test clearly
showed that the antibody detected at least 1.2 pmol of both
human and monkey BNP (Fig. 3B). Using this antibody, we
examined the distribution of BNP-like immunoreactivity in the
hypothalamus of cynomologus monkey (Figs. 4A~-C and SA~C).

Fig. 5 - (A-D) BNP- and AVP-like immunoreactivity in SON of cynomologus monkey. OX indicates optic chiasma.

{A) BNP-like immunoreactivity in the SON. (B) AVP-immunoreativity in the SON. (C) High magnification showing
BNP-immunoreactive clusters in the SON (arrow). (D) High magnification showing AVP neurons in the SON. (E and F) The
AVP-immunoreactive fibers in the area between the SON and PVN. The AVP-immunoreactive fibers showing varicosities
along the fibers (arrow head). Bars in (A, B, and E) = 10 pm and (C, D, and F) =5 pm.
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Fig. 6 - Double immunostaining of BNP with cell markers. (A) Many BNP granules distribute among cells (arrows), and some
BNP dots are seen surrounding MAP2-positve neurons (arrowheads). (B) BNP granules are seen among CNPase-positive
oligodentrocyte (arrows). (C) BNP granules are seen among GFAP-positive astrocytes (arrows). (D) Many BNP granules
distribute among cells {arrows), and some BNP dots are seen in CD54/ICAM-1-positve microglia (arrowheads).

Bars =10 pm.

For a comparison, AVP-like immunoreactive neurons were

also stained using the adjacent or nearby sections (Figs. 4B-D°

and 5B-D). BNP-like immunoreactivity was found in the PVN
and periventricular area (Fig. 4A~C) as well as the SON (Fig. S5A~
C) in the hypothalamus. These areas contain many AVP-
positive neuronal perikarya (Figs. 4B-D and 5B-D). However,
there are apparent differences of immunopositive structures
between BNP and AVP. BNP-like immunoreactivity appeared
in the form of clusters of immunoreactive granules. These
clusters were particularly dense in the SON. There were no
obvious differences in the sizes of BNP-immunoreactive
- granules between the PVN and SON (Figs. 4A-C and 5A-C).
AVP-immunoreacitvity was detected to neuronal perikarya
(Figs. 4D and 5D) and varicose fibers (Fig. 4D-F). BNP-like
immunoreacitive dots were localized to the PVN, SON and
periventricular nucleus. While, AVP-positive varicose fibers
were extended from PVN and SON to the medial eminence
(Fig. SE and F).

Double immunostaining showed that some BNP-positive
dots appeared to be localized to the surface of MAP-positive
neurons (arrowheads in Fig. 6A). Few BNP-positive dots
were seen in CNPase-positive oligodendrocyte (Fig. 6B) or

GFAP-positive astrocytes (Fig. 6C). Some BNP-positive dots
were seen in CD54/ICAM-1-positive microglia (Fig. 6D).

4, Discussion

In the present study, we have cloned and sequenced cDNA
encoding Japanese and cynomologus monkeys BNP from
cardiac ventricles. The deduced amino acid sequence for
monkey prepro-BNP comprised 132 amino acid residues, pro-
BNP comprised 106 amino acid residues and the mature BNP
comprised 32 amino acid residues. The comparison with
human BNP revealed a high degree of identity {(91% in prepro-
BNP, and 97% in the mature region). Based on the comparison
of prepro-BNP sequences of different species, human and
monkey were distinct and formed sequences which are
independent from other species.

The present study first demonstrated the localization of
BNP-like immunoreactivity in the monkey hypothalamus. For
immunohistochemical staining of BNP, we used polyclonal
anti-human BNP antibody (against BNP-32). Because our
monkey BNP cloning data showed very high identity in the
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mature region (BNP 32). To verify the specificity of the BNP
reaction, we performed “absorption test” which showed no
reaction of the BNP antibody pre-absorbed with human BNP.

In the monkey hypothalamus, BNP-immunoreactivity was
localized to some granules in the periventrictilar nucleus as
well as the PVN and SON where many AVP-positive neurons
existed. Previous studies reported a few BNP-immunoreactiv-
ity in these areas of the rat hypothalamus [21]. Some species
differences may exist. RT-PCR results showed negative BNP
mRNA in the hypothalamus of monkey. The results are
supported by a previous study showing that there is no BNP
mRNA in the brain [12]. These results suggest that BNP
granules in the hypothalamus are originated from outside the
hypothalamus. Since BNP and NPR-A were detected in the
circumventricular organs such as the subfornical organ
[3,13,21], BNP expressed in the heart may reach the hypotha-
lamus through the subfornical organ. ‘

Double immunostaining demonstrated that most BNP-
positive granules distributed among cells. Few BNP-positive
dots were seen in oligodendrocytes and astrocytes but some
were observed in the surface of MAP2-positive neurons. The
results suggest that BNP may bind some receptors of neurons.
The hypothesis may be supported by the previous studies
showing that ANP and BNP inhibit AVP neurons via GC-A
receptor [26]. In addition, microglia seem to uptake BNP
peptides.

The functional meaning of BNP in monkey hypothalamus
remains unclear in this study. However, some possibilities are
raised, because of the localization of BNP in area where AVP is
highly expressed. Previous studies demonstrated that intra-
cerebroventricular injection of BNP had inhibitory effect on
the AVP secretion in hypothalamus [25] or on the stress-
induced corticotropin release [7]. In addition, natriuretic
peptides inhibited the AVP-induced water permeability of
the collecting tubules in rabbit kidney [4] or plasma cortico-
trophin. Injection of AVP in rats increases plasma immunor-
eactive BNP concentration [5]. Taken together, the localization
of BNP in monkey hypothalamus suggests that BNP may have
a central role in modulation of cardiovascular homeostasis
through the inhibitory effect on the release of AVP in the
hypothalamus.
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Stable Maintenance of Monkey Embryonic Stem Cells in the

Absence of bFGF

A. Yamashita, T. Takada, G. Yamamoto, and R. Torii

ABSTRACT

Monkey embryonic stem (ES) cells are useful tools in preclinical studies of gene therapy
and tissue engineering as well as in primate developmental biology. However, their
maintenance is not easy, requiring addition of bFGF to the medium.! Herein, we have
described a stable, cost-effective method that does not require bFGF. We used a
high-density (1 to 1.5 X 10° cells/cm?) of mouse embryonic fibroblasts (MEF) as feeder
cells to successfully maintain undifferentiated monkey ES cells for 2 years (~150 passages).
Furthermore, these ES cells were competent for electroporation of enhanced green
fluorescent protein (EGFP) and subsequent drug selection procedures. We were able to
establish EGFP-expressing cell lines using this culture condition. These cell lines expressed
undifferentiated markers, such as alkaline phosphatase, SSEA-4, TRA-60, and TRA-81. In
addition, strong EGFP expression was observed after differentiation into cardiomyocytes,
neurons, or adipocytes, suggesting that these cell lines are a useful tool to study cell
transplantation.”* This method simplifies the culture of monkey ES cells.

ONHUMAN PRIMATE embryonic stem (ES) cells
are considered to be one of the best models to study
human development and stem cell therapy. However, mon-
key ES cell cultures are more complicated and difficult than
those of mouse ES cells. For example, the addition of bFGF
has been required to maintain their undifferentiated state.'
Because recombinant bFGF is expensive and labile, this
requirement hinders the use of monkey ES cells. Herein, we
sought to culture monkey cells stably in the absence of
bFGF. We succeeded in establishing EGFP-expressing
monkey ES cell lines by electroporation under this culture
condition.

MATERIALS AND METHODS

Cynomolgus monkey ES cells (CMS-A2) were maintained on a
mitomycin C inactivated feeder layer of neomycin-resistant MEF in
DMEM/F12 medium (Sigma, St. Louis, Mo, USA), containing 20%
knockout serum replacement (KSR; Invitrogen, Carlsbad Calif,
USA), 100 pmol/L. 2-mercaptoethanol (Sigma), 1% nonessential
amino acids (Sigma), 1 mmol/L Na pyruvate (Sigma), and 2
mmol/L L-glutamine (Sigma) in a humidified 5% CO, atmosphere
at 37 °C.3 The medium was changed daily. A high-density MEF
layer (1 to 1.5 X 10° cells/om®) was prepared in a 0.1% gelatin-
coated dish.

For transfection experiments, we constructed an EGFP vector
(pEGFP-1, Clontech, Palo Alto, Calif) under the control of the
CAG promoter* (a gift from J. Miyazaki). Forty micrograms of
linealized vector was electroporated into a suspension of ES cells
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(107 cells) in 0.8 mL of PBS using a Bio-Rad gene pulser (500 pF,
250 V).2 Cells were incubated on ice for 10 minutes, plated, and
allowed to recover for 48 hours before selection with G418 (100
pg/mL). Cells were fed daily for 10 days, whereafter, the resulting
G418-resustant ES colonies showing strong EGFP expression were
individually picked and propagated. To analyze stem cell markers,
alkaline phosphatase activity and cell surface markers were de-
tected using an ES cell characterization kit (Chemicon, Temecula,
Calif).

RESULTS AND DISCUSSION

We maintained monkey ES cells in an undifferentiated state
in the absence of bFGF for 2 years (~150 passages) and to
establish undifferentiated EGFP-expressing ES cell lines
(Fig 1) by electroporation.’? In contrast, less than 4 x 10*
cells/cm?® (8 X 10° cells/6 cm dish) of MEF did not maintain
undifferentiated monkey ES cells in the absence of exoge-
nous bFGF. We found that 1 to 1.5 X 10° cells/em® MEF
density gave the best results for maintenance of the undif-

From the Research Center for Animal Life Science (A.Y,, T.T,,
R.T.) and the Department of Oral and Maxillofacial Surgery (A.Y.,
G.Y.), Shiga University of Medical Science, Ohtsu, Japan.

Address reprint requests to T. Takada, Research Center for
Animal Life Science, Shiga University of Medical Science,
Tsukinowa-cho, Seta, Ohtsu 520-2192 Japan. E-mail: ttakada@
belle.shiga-med.ac.jp

© 2006 by Elsevier Inc. All rights reserved.
360 Park Avenue South, New York, NY 10010-1710

Transplantation Proceedings, 38, 1614-1615 (2006)




MAINTENANCE OF STEM CELLS

Cynomolgus monkey ES clone stablely expressing
EGFP (A). Expression of the markers: alkaline phosphatase (B),
SSEA-1 (C), SSEA-4 (D), TRA-60 (E), and TRA-81 {F). insets are
bright field image (A) and EGFP fluorescent images (B, C, D, E,
F). Scale bars = 100 um.

Fig 1.

ferentiated state. Recently, Wang et al® reported that MEF
expressed bFGF and noggin, which play an important role
to maintain the undifferentiated state of human ES cells,’
Normally, 4 to 10 ng/mL of bFGF was added into the
medium. Therefore, equivalent levels of bFGF or other
growth factors as well as exracellular matrix are provided by
high-density MEF. As they grow under these culture con-
ditions, ES cells form tightly packed domed colonies (Fig
1A). No significant differences in morphology and marker

1615

expression were observed between untransfected and trans-

.fected ES cells (data not shown). These results imply that

high-density MEF enabled us to maintain monkey ES cells
in the absence of bFGF and even supported the prolifera-
tion of damaged ES cells after electroporation. These cells
maintained EGFP expression after differentiation into car-
diomyocytes, neurons, or adipocyte (data not shown), sug-
gesting that this cell line may be a useful tool for tracing
grafted cells in transplantation studies.

As the method totally relies on MEF for secreted factors
and extracellular matrix, it is important to use early passage
(less than P-4) of MEF and care should be taken about the
quality of MEF to maintain an undifferentiated state. This
high-density MEF culture has another advantage: ES cells
can be easily separated from MEF feeders by collagenase
treatment. Undifferentiated ES cells come off with collage-
nase, while the MEF layer remain attached forming a sheet,
which is beneficial for passage, electroporation, and embry-
oid body formation, because it is important to minimize
contamination of MEF in these procedures. Therefore, the
high-density MEF culture simplifies not only ES cell cul-
tures but also subsequent experimental procedures re-
quired in stem cell biology.

REFERENCES

1. Furuya M, Yasuchika K, Mizutani K, et al: Electroporation of
cynomolgus monkey embryonic stem cells. Genesis 37:180, 2003

2. Takada T, Suzuki Y, Kondo Y, et al: Monkey embryonic stem
cell lines expressing green fluorescent protein. Cell Transplant
11:631, 2002 .

3. Yamashita A, Takada T, Narita J, et al: Osteoblastic differ-
entiation of monkey embryonic stem cells in vitro. Cloning Stem
Cells 7:232, 2005

4, Niwa H, Yamamura K, Miyazaki J: Efficient selection for
high-expression transformants with novel eukaryotic vector. Gene
108:193, 1991

5. Wang G, Zang H, Zhao Y, et al: Noggin and bFGF cooperate
to maintain the pluripotency of human embryonic stem cells in the
absence of feeder layers. Biochem Biophys Res Commn 330:934,
2005



FEBS Letters 580 (2006) 41214125

Transient suppression of PPARY directed ES cells into an
osteoblastic lineage

Akihiro Yamashita®®, Tatsuyuki Takada®*, Ken-ichi Nemoto®, Gaku Yamamoto®, Ryuzo Torii®

2 Research Center for Animal Life Science, Shiga University of Medical Science, Tsukinowa-cho, Seta, Ohtsu 520-2192, Japan
b Department of Oral and Maxillofacial Surgery, Shiga University of Medical Science, Tsukinowa-cho, Seta, Ohtsu 520-2192, Japan

Received 2 April 2006; revised 2 June 2006; accepted 20 June 2006

Available online 30 June 2006

Edited by Ned Mantei

Abstract Osteoblasts and adipocytes are believed to share a
common progenitor. Peroxisome proliferator-activated receptor
v (PPARY) plays a key role in the switching of these two cell lin-
eages. Here, we demonstrated the differentiation of ES cells into
an osteoblastic lineage using siRNA against PPARY without the
addition of any osteogenic factors. We found that PPARYy-
siRNA downregulated the expression of aP2 mRNA and lipid
accumulation, whereas it upregulated the expression of osteocal-
cin and calcium deposition. These results suggested that ES cells
were directed into an osteoblastic lineage. Therefore, transient
suppression using PPARy-siRNA may be a novel tool to induce
differentiation of ES cells into osteoblasts.

© 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: ES cell; Small interfering RNA; Peroxisome
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1. Introduction

Production of various functional cells from ES cells is a crit-
ical issue for regenerative medicine. The differentiation of ES
cells into osteoblasts has been achieved using a combination
of retinoic acid (RA), ascorbic acid, B-glycerophosphate, dexa-
methasone (Dex), and bone morphogenetic protein-2 (BMP-2)
[1-4,24].

Interestingly, it has been reported that osteoblasts and adi-
pocytes share common progenitors in the bone marrow and
their relationship with regard to differentiation is reciprocal
[5,6]. In addition, clinical evidence that a decrease in bone vol-
ume of age-related osteoporosis is accompanied by an increase
in marrow adipose tissue also implies the possible reciprocal
relationship of these lineages [7,8].

PPARY is a transcription factor abundantly expressed in
adipose tissue and plays a key role in adipocyte differentiation,
insulin sensitivity and immune responses [9]. The biological
role of PPARYy had been investigated by using PPARy-defi-
cient mice generated by gene targeting [9]. The heterozygous
PPARy-deficient (PPARy+/—) mice exhibited resistance to
high-fat diet-induced obesity and insulin resistance [9,10]. This

*Corresponding author. Fax: +81 77 548 2414.
E-mail address: ttakada@belle.shiga-med.ac.jp (T. Takada).

PPARY insufficiency enhanced osteogenesis from bone marrow
progenitors in vivo and ex vivo [11].

Furthermore, homozygous PPARy-deficient (PPARy—/—)
ES cells were unable to differentiate into adipocytes and spon-
taneously differentiated into osteoblasts [11]. This evidence
suggested that PPARY plays a key role in switching the com-
mitment of the common progenitor into either adipocytic or
osteoblastic lineages in bone marrow. Therefore, we consid-
ered that osteoblasts might also be induced from differentiated
ES cells by suppressing PPARY.

Recently, RNA interference (RNAI) has become a powerful
tool for selectively silencing the expression of the target gene
[12]. We have established an efficient method to suppress spe-
cific genes using chemically synthesized siRNA in ES cells [13].
Modulating the cell fate by suppressing the expression of a key
gene using siRNA has the great advantage that the effect is
transient and does not jeopardize the genome organization.
Therefore, the use of siRNA will be an ideal differentiation
method for regenerative medicine and could be applied to
the adult stem cells to induce the desired cell types.

In this paper, we attempted to develop a novel method to
differentiate ES cells into an osteoblastic lineage by transiently
suppressing a key transcription factor PPARY using synthetic
siRNA. We show that siRNA against PPARY suppressed adi-
pocyte differentiation and successfully induced osteoblastic dif-
ferentiation in ES cells without using factors such as ascorbic
acid, B-glycerophosphate, Dex and BMP-2, which are known
to promote osteogenesis.

2. Materials and methods

2.1. Mouse ES cell culture and differentiation

Mouse ES cells (SV6) were cultured with DMEM containing 15%
FCS, 0.1 mM 2-mercaptoethanol and 1000 U/ml leukemia inhibitory
factor (LIF, Invitrogen), as described previously [14]. To initiate differ-
entiation, 1 x 10 cells were cultured with the ES medium without LIF
on the inner side of 100 mm culture dish lids and incubated at 37 °C
with 5% CO,. By gravitational force, the cells condensed to form
embryoid bodies (EB). After two days of culture, 100 nM all-trans
RA was added to the medium and the cells were cultured for three
more days [15].

Then, EB were washed in PBS and trypsinized, and dissociated cells
(1 x 10° cells) were plated at 1 x 10° cells/ml onto a 35 mm culture dish
coated with 0.1% gelatin. Cells were cultivated using ES medium with-
out LIF.

For positive control of osteoblast and adipocyte differentiation, cells
were induced to differentiate using osteogenic supplements (OS: 50 pg/
ml ascorbic acid, 10 mM pB-glycerophosphate, 100 nM Dex) and adipo-
genic supplements (AS: 0.5 mM 3-isobutyl-L-methylxanthine, 250 nM
Dex, and 100 nM insulin) as described previously {4,23].

0014-5793/$32.00 © 2006 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. SiRNA transfection

We selected siRNAs corresponding to a conserved sequence (nucle-
otides 320-344; Accession No. NM_011146) to target transcripts of the
mouse PPARy gene (annealed oligos 5'-AAUAUGACCUGAAG-
CUCCAAGAAUAAG-3' and 5-UAUUCUUGGAGCUUCAGGU-
CAUAUUAU-%, iGene, Japan). We also used a negative control
siRNA, whose sequence does not match any mouse genomic sequence
(annealed oligos 5'-AUCCGCGCGAUAGUACGUAJTAT-3' and 5'-
UACGUACUAUCGCGCGGAUJTAT-3’, B-Bridge, Japan). Trans-
fection of siRNA was carried out on the day after the EB plating.
The conditions of the RNAI protocol were essentially as described pre-
viously {13,16]. Two micro liters of Lipofectamine 2000 (Invitrogen)
were mixed with 100 pl of Opti-MEM medium (Invitrogen) and incu-
bated for 5 min at room temperature. Two micro liters of pre-annealed
siRNAs (at a concentration of 20 pM) was diluted in 100 ul of Opti-
MEM medium, mixed with the diluted Lipofectamine and incubated
for another 20 min. The mixture was added to the cells (1 ml of ES
medium without LIF in 3.5 cm dish), giving a final concentration of
33 nM RNA in the dish. .

2.3. RNA extraction and quantitative reverse transcription-polymerase
chain reaction

Total RNA was isolated from the cell culture using an RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions. After DNase
treatment of the samples, reverse transcription was carried out using a
SuperScript III First-Strand Synthesis System (Invitrogen). Polymerase
chain reaction (PCR) reactions (50 pl) were carried out using Blend Taq
DNA Polymerase (TOYOBO, Japan) according to the manufacturer’s
instructions. The PCR conditions used were: 2 min at 94 °C, followed
by 35 cycles of 15s denaturation at 94 °C, 30s annealing at 55 °C
and 30 s extension at 72 °C. Amplified products were used to derive
standard curves for quantitative reverse transcription (RT)-PCR.
PCR reaction mix for quantitative RT-PCR was prepared using Light-
CyclerFastStart DNA Master SYBR Green I Kit (Roche). Mg** con-
centrations used for the PCR reaction were 3 mM. PCR conditions
for quantitative RT-PCR were as follows; activation of enzyme at
95 °C for 10 min, 45 cycles of denaturation at 95 °C for 15 s, annealing
at 60 °C for 5 s and extension at 72 °C for 20 s. For PPARy quantifica-
tion, SYBR Premix Ex Taq Kit (Takara, Japan) was also used. The
condition of quantitative RT-PCR were as follows; activation of
enzyme at 95 °C for 10s, 45 cycles of denaturation at 95°C for 5,
annealing at 60 °C for 20 s and extension at 72 °C for 10 s. Quantitative
RT-PCR was carried out using the LightCycler Instrument (Roche)
and data were analyzed using LightCycler Software Ver.3. Fluores-
cence of each sample was determined after every cycle. All the melting
curves of PCR products gave a single peak with the same melting tem-
perature as the relevant control. Agarose gel electrophoresis of repre-
sentative reactions was carried out to confirm amplification of unique
fragments of predicted lengths. The expressions of marker genes were
normalized to the expression of B-actin.

Primer were designed based on the mouse sequence and BLAST-ed
for their specificity at the National Center for Biotechnology Informa-
tion (NCBI). Primer sequences (sense, antisense) were as follows.
PPARYy (5'-AAGAGCTGACCCAATGGTTG-3', 5-TCCATAGTG-
GAAGCCTGATGC-3"), adipocyte-specific fatty acid binding protein
(aP2) (5'-ATGTGTGATGCCTTTGTGGGA-3', 5'-TGCCCTTTCA-
TAAACTCTTGT-3'), collagen type 1 (5-CTGCCTGCTTCGTGT-
AAA-3, 5-ACGTTCAGTTGGTCAAAGGTA-3), osteopontin
(3’ TCTCCTTGCGCCACAGAATG-3', 5-TCCTTAGACTCACCGC-
TCTT-3"), Cbfal (5-CCGCACGACAACCGCACCAT-3', 5'-CGC-
TCCGGCCCACAAATCTC-3"), osteocalcin (5'-TCTCTCTGCTCA-
CTCTGCTGG-3, 5-ACCGTAGATGCGTTTGTAGGC-3'). B-Actin
(5-GGCCCAGAGCAAGAGAGGTATCC-3, 5'-ACGCACGATT-
TCCCTCTCAGC-3').

2.4. Cell staining

2.4.1. Oil-red O staining and lipid accumulation assay. Lipid accu-
mulation was detected with Oil-red O at 20 days of differentiation,
as described previously [17]. For the analysis of lipid accumulation,
stained lipid was extracted with 100% isopropanol for 5min and the
optical density of the solution was measured at 540 nm.

2.4.2. Alizarin Red S staining and calcium assay. Calcification was
identified with Alizarin Red S staining at 20 days of differentiation
[18]. Furthermore, the deposited calcium was extracted with 0.5 M
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acetic acid over night and the calcium content of the individual dish
was determined with the use of the calcium C-test Wako Kit (Wako,
Japan), which is based on the o-cresolphthalein complexon color devel-
opment method [19].

2.5. Statistical analysis

Means * standard deviation (S.D.) were calculated and statistically
significant differences between two groups were determined by Stu-
dent’s ¢ test at P <0.05.

3. Results and discussion

The expression of PPARY was induced during the differenti-
ation process in hanging drop culture with RA (Fig. 1A, 5
days). After the adhesion of dissociated EBs, siRNA against
PPARY was transfected to suppress PPARY expression.

At 10 and 15 days of differentiation in adhesion culture, the
expression of PPARY, which is a marker gene in adipogenesis
[20], was significantly suppressed in PPARy-siRNA-transfec-
ted cells, whereas upregulation was observed in cells transfec-
ted with control siRNA and cultured with AS (positive
control) (Fig. 1A). At 20 days of differentiation, the expression
in PPARy-siRNA-transfected cells was upregulated but still
low compared to that of controls (Fig. 1A). Interestingly, the
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Fig. 1. Expression of marker genes characteristic of adipocytes.
Expression of PPARy (A) and aP2 (B) mRNAs was analyzed by
quantitative RT-PCR at 0 days (black bar; undifferentiated mouse ES
cells), 5 days (black bar; RA-treated EB), 10 days, 15 days and 20 days
of differentiation. Cells transfected with control siRNA, PPARYy-
siRNA, or treated with adipogenic supplements (AS) are indicated by
open, shaded, and hatched bars, respectively. Data are expressed as
means + S$.D. (n = 3); ¥ and * indicate significant differences compared
to cells transfected with control siRNA or treated with adipogenic
supplements, respectively; P < 0.05 with Student’s ¢ test.
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expression level of adipocyte-specific fatty acid binding protein’

(aP2) also remained low in PPARy-siRNA-transfected cells for
15 days (Fig. 1B). These results indicated that the expression of
not only PPARY, but also of aP2, was successfully downregu-
lated for 15 days by PPARYy-siRNA transfection.

Then, we visualized the lipid accumulation using Oil-red O
staining. Control siRNA-transfected cells displayed significant
lipid accumulation at 20 days of differentiation (Fig. 2A). In
PPARYy-siRNA-transfected cells, the amount of stained lipid
was less than that of control siRNA-transfected cells
(Fig. 2B). We extracted stained lipid and measured its absor-
bance to compare lipid accumulation between control and
PPARy-siRNA-transfected cells. Although mouse ES cell
eventually become adipocytic even in basic medium under
these experimental conditions, a significant reduction of absor-
bance was observed in PPARy-siRNA-transfected cells
(Fig. 2C). Recently, it has been reported that lentiviral and
adenoviral vector-mediated RNAI for PPARY inhibited prea-
dipocyte to adipocyte differentiation in 3T3-L1 cells [21,22].
Our results demonstrated that the transient suppression of
PPARY using synthetic siRNA inhibited adipocyte differentia-
tion and lipid accumulation per cell in mouse ES cells, suggest-
ing the importance of PPARY for adipocyte differentiation.

Next, we investigated osteoblast differentiation under the
same experimental conditions, except that the positive control
cells were cultured with OS. We measured expression of mar-
ker genes characteristic of osteoblast differentiation, such as
collagen type 1 (COL1), osteopontin (OP), Cbfal and osteo-
calcin (OC). Interestingly, the pattern of COLI expression in
siRNA-transfected cells was different from that of cells cul-
tured with OS (Fig. 3A). COL1 expression was immediately
upregulated in OS treated cells. On the other hand, it remained
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low level for 15 days in siRNA-transfected cells. At 20 days, its
expression was upregulated in PPARY-siRNA transfected cells
and reached levels similar to those in the OS treated cells.
These results suggest that COL1 expression is differentially af-
fected by OS treatment vs. PPARYy suppression using siRNA.
The expression of osteopontin was upregulated by RA treat-
ment, and then was gradually downregulated during the differ-
entiation period. No substantial difference was observed
among the culture conditions used (Fig. 3B). On the other
hand, expression of Cbfal was gradually upregulated by
PPARy-siRNA transfection and a significant difference from
control was observed at 15 days (Fig. 3C). In the case of
OC, a marker of mature osteoblasts, expression levels did
not differ so much in any treatment until 15 days. However,
upregulation was detected in PPARy-siRNA-transfected cells
at 20 days of differentiation and the expression level was sim-
ilar to that in the positive control (Fig. 3D). Furthermore, we
examined calcium deposition with Alizalin Red S staining and
found obvious staining pattern only in PPARy-siRNA-trans-
fected cells (Fig. 4). We also measured the amount of accumu-
lated calcium using a colorimetric method [19]. We found that
approximately 4 times as much as calcium was accumulated in
PPARy-siRNA-transfected cells compared to control transfec-
ted cells, and the amount of accumulated calcium was equiva-
lent to that of OS treated cells at 20 days of differentiation
(Fig. 4C). These results demonstrated that the transient sup-
pression of PPARY promoted osteogenesis. It is notable that
we were able to differentiate ES cells into an osteoblastic line-
age without adding any osteogenic factors such as ascorbic
acid, B-glycerophosphate, Dex or BMPs. This is the first report
to our knowledge that osteoblasts were produced from normal
ES cells (not PPARY deficient cells) without using such factors.
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Fig. 2. Effect of PPARY suppression in adipogenesis. Lipid accumulation was detected by Oil-red O staining at 20 days of differentiation in (A) cells
transfected with control siRNA or with (B) PPARy-siRNA. Scale bar indicates 10 um. After staining with Oil-red O, stained lipid was extracted and
the absorbance at 540 nm was measured (C). Bars as in Fig. 1. Data are expressed as means * S.D. (n = 4) per well; # and * indicate significant
differences compared to cells transfected with control siRNA or treated with adipogenic supplements (P < 0.05, Student’s ¢ test).
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Fig. 3. Expression of marker genes characteristic of osteoblasts. Expressions of collagen type 1 (COL1)(A), osteopontin (OP)(B), Cbfal (Cbfal)(C)
and osteocalcin (OC)(D) mRNAs were analyzed with quantitative RT-PCR at 0 day (black bar; undifferentiated mouse ES cells), 5 days (black bar;
RA-treated EB), 10 days, 15 days and 20 days of differentiation. Cells transfected with control siRNA, PPARy-siRNA, or treated with osteogenic
supplements (OS) are indicated by open, shaded, and hatched bars, respectively. Data are expressed as means S.D. (n=3); # and * indicate
significant differences compared to cells transfected with control siRNA or treated with osteogenic supplements (P < 0.05, Student’s test).
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Fig. 4. Effect of PPARY suppression on osteogenesis. Calcium deposition was detected by Alizarin Red S staining at 20 days of differentiation in cells
transfected with control siRNA (A) or PPARy-siRNA (B). Scale bar indicates 100 pm. Calcium was extracted and quantified by the o-cresolphthalein
complexon color development method (C). Data are expressed as means £ S.D. (n = 4) per well; # and * indicate significant differences compared to
cells transfected with control siRNA or treated with osteogenic supplements, respectively (P < 0.05, Student’s ¢ test).
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Here, we showed the transient suppression of PPARY inhib-
ited adipocyte differentiation, and also induced osteoblast dif-
ferentiation in ES cells. Our data showed good agreement with
the previous observation using PPARYy deficient ES cells [11].
This could be due to the interaction of PPARy with TGF-p/
Smad3 signaling or due to sharing the same progenitors
[7,8]. However, the signaling of PPARYy suppression to inhibit
adipogenesis and to induce osteogenesis needs to be elucidated
further.

Our data suggested that ES cell differentiation could be
modified by transient suppression of PPARYy using chemically
synthesized siRNA. As synthetic siRNAs have advantages that
they are easy to transfect and do not modify genome organiza-
tion, we believe that this would be an ideal method for cell dif-
ferentiation for ES, adult stem and progenitor cells.

It is known that osteoblasts and adipocytes develop from
common progenitors by the activation of transcription factors
Cbfal and PPARY, respectively [11], and age-related osteopo-
rosis is accompanied by an increase in marrow adipose tissue
[7,8]. Previous studies have demonstrated that PPARy acts
to promote adipocyte vs. osteoblast differentiation [11]. Our re-
sults also support the notion that PPARYy plays an important
role in controlling not only adipocyte, but also osteoblast dif-
ferentiation. In addition, these results suggest the possibility
that adipocyte and osteoblast differentiation could be con-
trolled by the transient suppression of PPARY using siRNA.

In summary, we showed that the transient suppression of
PPARY inhijbited adipocyte differentiation and enhanced
osteoblast differentiation in ES cells without the use of osteo-
genic factors. Therefore, cell differentiation using the transient
suppression of specific genes with siRNA may provide a novel
approach in stem cell biology, regenerative medicine and gene
therapy.
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