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Contribution of Membrane-Associated Prostaglandin
E> Synthase to Bone Resorption

MASATOMO SAEGUSA,"* MAKOTO MURAKAMI,? YOSHIHITO NAKATANI,?
KIYOFUMI YAMAKAWA," MIKA KATAGIRI,' KOICHI MATSUDA,' KOZO NAKAMURA, "

ICHIRO KUDO,? anp HIROSHI KAWAGUCHI™*

'Department of Orthopaedic Surgery, Faculty of Medicine,
University of Tokyo, Tokyo, japan
?Department of Health Chemistry, School of Pharmaceutical Sciences,
Showa University, Tokyo, Japan

This study initially confirmed that, among prostaglandins (PGs) produced in bone,
only PGE, has the potency to stimulate osteoclastogenesis and bone resorption
in the mouse coculture system of osteoblasts and bone marrow cells, For the
PGE; biosynthesis two isoforms of the terminal and specific enzymes, membrane-
associated PGE, synthase (mPGES) and cytosolic PGES (¢PGES) have recently been
identified. In cultured mouse primary osteoblasts, both mPGES and cyclooxygen-
ase-2 were induced by the bone resorptive cytokines interleukin-1, tumor necrosis
factor-ut, and fibroblast growth factos-2. Induction of mPGES was also seen in the
mouse long bone and bone marrow in vivo by intraperitoneal injection of lipo-
polysaccharide. In contrast, cPGES was expressed constitutively both in vitro and
in vivo without being affected by these stimuli. An antisense oligonucleotide
blocking mPGES expression inhibited not only PGE, production, but also
osteoclastogenesis and bone resorption stimulated by the cytokines, which was
reversed by addition of exogenous PGE;. We therefore conclude that mPGES,
which isinduced by and mediates the effects of bone resorptive stimuli, may make

a target molecule for the treatment of bone resorptive disorders.

J. Cell. Physiol.

197: 348-356, 2003. © 2003 Wiley-Liss, Inc.

Prostancids are important mediators that play a
variety of roles in biological events, such as fever, pain,
inflammation, tumorigenesis, gastrointestinal protec-
tion, vascular circulation, and bone metabolism (Raisz,
1995; Kawaguchi et al, 1995a; Funk, 2001; Harris
et al,, 2002). Prostaglandin Ey (PGE,), PGFs,, PGL,, and

‘thromboxane By are accumulated in bone and are
produced by cells of the osteoblast lineage (Raisz, 1995;
Kawaguchi et al, 1995a). These PGs are multifunc-
tional regulators with both stimulatory and inhibitory
effects on bone formation and resorption. However, the
major effect of PGs has been recognized as the stimula-
tion of bone resorption since PGE, was first shown to
increase cyclic AMP and stimulate resorption in cul-
tured fetal rat long bones more than 30 years age (Klein
and Raisz, 1970). Many factors including cytokines and
systemic hormones, which are involved in regulation of
bone resorption, also regulate PG production in bone
(Kawaguchi et al., 1994, 1995ab; Raisz, 1995). In
addition, resorptive responses to cytokines and hor-
mones are often, at least in part, dependent on PG
production since nonsteroidal anti-inflammatory drugs
(NSAIDs) inhibit these responses (Akatsu et al., 1989,
1991; Shinar and Rodan, 1990; Kawaguchi et al., 2000).
In vivo studies in animals and humans also suggest that
PGs could be responsible for bone resorptive disorders,
such as postmenopausal bone loss (Kawaguchi et al.,
1995c¢), hypercalcemia of malignaney (Tashjian et al,,

® 2003 WILEY-LISS, INC.

1977; Minkin et al., 1981), inflammatory bone loss in
periodontal disease (Harris et al., 1973; Harvey et al.,

Abbreviations: PG, prostaglandin; mPGES, membrane-associated
prostaglandin E; synthase; cPGES, cytosolic prostaglandin
E; synthase; CO¥, cyclooxygenase; IL, interleukin; TNF, tumor
necrosis facter; FGF, fibroblast growth factor; NSAIDs, non-
steroidal anti-inflammatory drugs; LPS, lipopelysaccharide;
MGST1-L1, microsomal glutathione S-transferase 1-like 1; RA,
rheumatoid arthritis; MEM, alpha madified-minimum essential
medium; FBS, fetal bhovine serum; PBS, phosphate buffered
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1984), loosening of joint replacements (Goldring et al.,
1883; Horowitz et al, 1994), and joint destruction
in rheumatoid arthritis (RA) (Robinsen et al., 1875;
Manabe et al., 1299).

PGE; is the most abundant prostancid among PGs
in bone and has been believed to be the most potent
bone resorber (Raisz, 1995; Kawaguchi et al., 1995a).
PGE; exerts its resorptive action by inducing recep-
tor activator of nuclear factor kB ligand (RANKL) on
osteoblastic cells through an autocrine/paracrine mech-
anism, which elicits the support of osteoclast differen-
tiation from hemopoietic precursors (Suda et al., 1999).
PGI, is the next most abundant PG in bone (Raisz,
1995; Kawaguchi et al., 1995a), but it does not appear
to be an important mediator of the bone resorptive
response (Tashjian et al., 1988). Smallamounts of PGFs,
are produced by bone cells and exogenous PGF,, can
stimulate bone resorption; however, its effect appears to
be due to an increase in endogenous PGE; production
(Raisz et al., 1990). In the present study we initially
performed a comprehensive and comparative examina-
tion among prostanoids accumulated in bone on their
potency to resorb bone using two mouse assay systems,
and confirmed that only PGE; can stimulate osteoclas-
togenesis and bone resorption.

PGE; production from arachidonic acid, which is
released by phospholipase A; from membrane phos-
pholipids, is regulated by two rate-limiting steps, The
first step is catalyzed by cyclooxygenase (COX), which
converts arachidonic acid to the intermediate presta-
noid PGH,. Two isoforms of the COX enzyme have been
identified: COX-1, which is a constitutive enzyme; and
COX-2, which is induced by various stimuli, includ-
ing cytokines, hormones, and lipopolysaccharide (LPS)
(Smith and Langenbach, 2001), The second step is
the terminal conversion reaction of PGH: to PGE,,
which is catalyzed by PGE; synthase (PGES). At least
two forms of the PGES enzyme have recently been
identified (Jakobsson et al, 1999; Tanioka et al.,
2000). Cytosclic PGES (¢PGES), which is identical to
the heat shock protein 90-associated protein p23, is
expressed ubiquitously and unaltered by proinflamma-
tory stimuli in a wide variety of cells and tissues and
promotes COX-1-mediated immediate PGE; produc-
tion (Tanicka et al., 2000). This COX-1 and cPGES
coupling is assumed to contribute to the production of
PGEs, which plays a role in the maintenance of tissue
homeostasis. Contrarily, membrane-associated PGES
(mPGES), which was originally designated microsomal
glutathione S-transferase 1-like 1 (MGST1-L1), is an
inducible enzyme, which is coordinately induced with
COX-2onthe perinuclear membrane and isfunctionally
coupled with COX-2 in marked preference to COX-1
(Jakobsson et al., 1999; Murakami et al., 2000). mPGES
expression is induced by proinflammatory stimuli in
various tissues and cells and was down-regulated by
dexamethasone, accompanied by changes in COX-2
expression and subsequent PGE; production (Jakobs-
son et al, 1999; Murakami et al,, 2000). COX-2 and
mPGES are therefore thought to be essential compo-
nents for PGE; biosynthesis, which may be linked to
several pathological conditions such as inflammation,
fever and cancer (Satoh et al., 2000; Filion et al., 2001;
Mancini et al., 2001).
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We have reported that COX-2 is abundantly ex-
pressed in osteoblasts and plays a central role in the
biosynthesis of PGE; in response to several stimuli of
bone resorption (Pilbeam et al., 1993; Kawaguchi et al.,
1994, 1995b, 18996, 2000; Chikazu et al., 2001). A
previous mouse co-culture experiment revealed that
osteoclast formation was significantly reduced in cul-
tures of cells derived from mice lacking COX-2 relative
to wild-type cultures, an effect that could be reversed by
providing exogenous PGE, (Okada et al., 2000a). We
also demonstrated the involvement of COX-2 induction
and subsequent PGE; production by cytokines: inter-
leukin-1 (IL-1), tumor necrosis factor-o (TNF-a), and
fibroblast growth factor-2 (FGF-2), in the bene resorp-
tive disorders postmenopausal osteoporosis and RA
Jjoint destruction (Kawaguchi et al, 1995c; Manabe
etal., 1699). In this study we examined the expression of
mPGES and its regulation by these bone resorptive
cytokines in bone In vitro and in vivo. To further
investigate the possibility of mPGES as 2 novel target
for the development of drugs that are highly selective for
bone resorptive diseases with low side effects on other
tissue homeostasis, we examined the contribution of
endogenous mPGES to bone resorption using an anti-
sense oligonucleotide against mPGES.

MATERIALS AND METHODS
Materials

Neonatal and 8-week-o0ld ddY mice were purchased
from Shizuoka Laboratories Animal Center (Shizuoka,
Japan). Human recombinant FGF-2 was provided by
Kaken Pharmaceutical Co., Ltd. (Chiba, Japan). Mouse
TNF-a was purchased from Genzyme (Cambridge, MA).
Rabbit anti-mouse mPGES, COX.1, COX-2 antibodies
were purchased from Cayman Chemical (Ann Arbor,
MI). A rabbit anti-human ¢PGES antiboby, which has
been confirmed to cross-react with mouse ¢cPGES, was
prepared by the immunization of rabbits as previously
reported (Tanioka et al., 2000}. Anti-rabbit IGG HRP
Conjugate was purchased from Promega (Madison, WI).
The reverse transcriptase-polymerase chain reaction
(RT-PCR) kit was from Takara Biomedicals (Shiga,
Japan). Bacterial collagenase and 1,25(0H); vitamin D3
were purchased from Wako Pure Chemicals Co. (Osaka,
Japan), and dispase from Nitta Gelatin Co. (Osaka,
Japan). LPS and NS-398 were purchased from Calbic-
chem (San Diego, CA). Alpha modified-minimum essen-
tial medium («MEM) was purchased from GIBCO BRL
(Rockville, MD), and fetal bovine serum (FBS) was from
the Cell Culture Laboratory (Cleveland, OH). Other
chemicals were obtained from Sigma Chemical Com-
pany (St. Louis, MO).

Mouse primary osteoblast culture

All animal experiments were performed according
to the guidelines of the International Association for
the Study of Pain (Zimmermann, 1983), In addition, the
experimental work was reviewed by the committee
of Tokyo University, charged with confirming ethics.
Calvariae dissected from 1- to 4-day-old mice were
washed in phosphate buffered saline (PBS) and digested
with 1 ml of trypsin/EDTA (GIBCO BRL) containing
10 mg collagenase (Sigma, type 7) for 10 min five times,
and cells from fractions 3 to 5 were paoled. Cells were
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plated in 8-multiwell dishes at a density of 5,000 cells/
c¢m? and grown to confluence in «MEM containing 10%
FBS, penicillin (50 U/ml), streptomyein (50 mg/ml), and
0.2 mM r-ascorbic acid phosphate ester sodium saltin a
humidified CO, incubator.

Tartrate resistant acid phosphatase
(TRAP)-positive multinucleated osteoclast
formation in the coculture of mouse primary
osteoblasts and bone marrow cells

Mouse calvarial primary ostecblasts described above
(2 x 10* cells/well) and bone marrow cells prepared from
8-week-old mice (1 x 10° cells/well) were cocultured in
24-multiwell dishes containing «MEM/10% FBS with
and without prostanoids, 1,25(0H); vitamin D, IL-1¢,
and oligonucleotides as described below for 6 days with
a medium change at 3 days. After 6 days of culture,
the cells were fixed with 3.7% formaldehyde in PBS
and ethanol-acetone (50:50, vol/vol), and stained at pH
5.0 in the presence of L(+)-tartaric acid using naphto!
AS.MX phosphate in N,N-dimethyl formamide as the
substrate. The number of TRAP-positive-multinu-
cleated cells containing more than three nuclei was
counted as osteoclasts.

Resorbed pit formation assay in the coculture of
mouse primary osteoblasts and bone marrow cells

Mouse ostecblasts (1 x 10° cells/dish) and bone mar-
row cells (5x 107 cells/dish) prepared as above were
cocultured on 10-cm culture dishes coated with 0.24%
collagen gel matrix (Nitta Gelatin, Tokyo, Japan) con-
taining « MEM/10% FBS with and without prostanocids,
1,25(0H), vitamin Dj, IL-1x, and oligonucleotides as
described below for 6 days with a medium change every
3 days. Non adherent cells were then washed with PBS
and adherent cells were stripped by 0.2% bacterial
collagenase. An aliquot of the crude cell preparation
(0.1 ml) was further cultured on a dentine slice placed in
each well of 96-well dishes containing «MEM/10% FBS
with and without the same agents as the previous
culture. After 24 h of culture, cells were removed with
-1 N NH,OH solution, and stained with 0.5% toluidine
blue. Total area was estimated under a light microscope
with a micrometer to assess osteoclastic bone resorption
using an image analyzer (System Supply Co., Nagano,
Japan).

Northern blot analysis

Mouse primary osteoblasts were cultured as described
above, changed to the same medium 24 h before cyto-
kines stimulations {IL-1¢ (10 ng/ml), TNF-« (10 ng/m}),
and FGF-2 (10 nM)} and cultured for the indicated
pericds. Total RNA was extracted using ISOGEN
(Wako Pure Chemicals Co.) according to the manufac-
turer’s instructions. Equal amounts (10—20 pg) were
electrophoresed in 1.2% agarose-formaldehyde gel and
fransferred onto nylon membrane filters (Hybond-N;
Amersham International, Little Chalfont, UK), The
resulting blots were then probed with the respective
¢DNA probes shown in previous reports (Murakami
et al., 2000; Tanioka et al., 2000) that had been labeled
with [*2P}dCTP (Amersham Pharmacia Biotech, Inc.,
Tokyo, Japan) by random priming (Takara Biomedicals)
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according to the manufacturer’s protocol. After washing,
thefilter was exposed to films at —80°C for 24 h to 1 week.

Western blot analysis

Mouse primary osteoblasts were cultured for indicat-
ed periods asdescribed above, and were then collected by
trypsin/EDTA and lysed in PBS eontaining 0.1% sodium
dodecyl sulfate (SDS) to the final concentraion of 1 x 107
cells/ml. Equivalent amounts of cell lysates (10 pl con-
taining 1 x 10° cells) were electrophoresed on the 4—-20%
gradient gel (Tris-Glysine Gel, Invitrogen, Carlsbad,
CA), and transferred onto PVDF membrane (BIO-RAD,
Hercules, CA). After blocking with 10 mM Tris-HCI
containing 150 mM NaCl, 0.1% Tween 20 (TBS-T, and
5% skim milk, the membrane was incubated with
antibodies against mPGES, ¢cPGES, COX-2, and actin
in TBS-T overnight at 4°C, and further with an anti-
rabbit IgG horseradish peroxidase conjugate for 2 h.
Reactive proteins were visualized using the enhanced
chemiluminescence (ECL; Amersham Co., Arlington
Heights, IL) following the manufacturer’s instructions.

Intraperitoneal LPS injection

Eight-week-old ddY mice were intraperitoneally
injected with 0.5 or 5.0 mg/kg of bacterial endotoxin
LPS, which is known to evoke an acute inflammatory
response (Fry et al., 1980). Control mice were injected
with equivalent amounts of the vehicle PBS. After 3 and
6 h, animals were sacrificed and the whole femora and
tibiae were excised. To extract RNA from the bone
marrow and the residual bone from which bone marrow
was removed, epiphyses at both ends were cut off, bone
marrow was flushed with PBS, collected cells were
suspended in ISOGEN extraction buffer, and total RNA
was extracted. The residual bones were washed with
PES and immediately put into ISOGEN extraction
buffer.

Semiquantitative RT-PCR
and Southern blotting

Semiquantitative RT-PCR. was performed within an
exponential phase of the amplification, Total mENA
(1 pg) was reverse transcribed using Super Script
reverse transcriptase with random hexamer (Takara
Biomedicals), and 5% of the reaction mixture was
amplified with LA-Taq DNA polymerase (Takara
Biomedicals) using specific primer pairs: 5-ATGCC-
TTCCCCGGGCCTGGTG-8' and 5-TGGTCACAGATG-
GTGGGCCAC-3' for mPGES; 5-AGGAAGCGATAAT-
TTTAAGC-3 and 5-ACCCATGTGATCCATCATCTC-3'
for ¢cPGES; 5-GCATCGCTCTGTTCCTGTA-3' and 5'-
GTGCTCCCTCCTTTCATCA-3' for RANKL; 5-TGA-
AGGTCGGTGTGAACGGATTTGGC-8' and 5-CATG-
TAGGCCATGAGGTCCACCAC-3' for G3PDH. The
cycling parameters were 5 sec at 94°C and 4 min at
65°C for 25 cycles for mPGES; 45 sec at 94°C, 1 min at
49°C and 1 min at 72°C for 28 cycles for cPGES; 30 sec
at 94°C, 30 sec at 56°C and 1.5 min at 72°C for 20 cycles
for RANKL and G3PDH. Following PCR amplification,
samples were electrophoresed on 1.0% agarose gels and
transferred to nylon membrane filters. For the Southern
blotting, the resulting blots were then probed with the
mPGES cDNA probe above that had been labeled with
[*2P]dCTP (Amersham Pharmacia Biotech) by random
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priming (Takara Biomedicals} according to the manu-
facturer’s instruction.

Antisense oligonucleotide

To examine the role of endogenous mPGES, its
antisense oligonucleotide was synthesized. This was
designed on the basis of the sequence of targeted to
first ATG in mPGES; 5-GGCCCGGGGAAGGCAT-3. A
random sequence oligonucleotide was used as a control:
§-CCTCTTACCTCAGTTA-3'. To protect the oligonu-
cleotide from degradation, a phosphorothioate oligonu-
cleotide was synthesized commercially by Amersham
Pharmacia Biotech. These oligonucleotides at the final
concentration of 1 pg/ml were added to cultured primary
osteoblasts and then cocultured with bone marrow cells
for 4 h before IL-1x (10 ng/ml) or PGE; (10~° M) treat-
ment. RANKL mRENA level and PGE; in the super-
natants of were measured by semiquantitative RT-PCR
and enzyme-linked immunosorbent assay (ELISA)
(Cayman Chemical), respectively, at 12 h after the stim-
ulation in the osteoblast culture. The number of TRAP-
positive multinucleated osteoclasts and the resorbed pit
formation on a dentine slice were evaluated as described
above.

Statistical analysis

Means of groups were compared by ANOVA and
gignificance of differences was determined by post-hoc
testing using Bonferroni's method.

RESULTS
Osteoclastogenesis and bone resorption
by prostanoids in bone

Among prostanoids, PGE,, PGFy,, PGI;, and throm-
boxane B, are known to be produced and accumulated
in bone (Raisz, 1995; Kawaguchi et al., 1995a). To begin
with, we performed a comprehensive and comparative
study to investigate, which of these prostanoids can
affect osteoclastogenesis and bone resorption by mea-
suring the number of TRAP-positive multinucleated
osteoclasts (Fig. 1A) and the area of resorption pit on a
dentine slice (Fig. 1B), respectively, in the coculture
system of mouse primary osteoblasts and bone marrow
cells. PGE; dose-dependently stimulated osteoclasto-
genesis up to a level similar to that of 1,25(0H),Ds,
although other prostancids hardly affected them
(Fig. 1A). When osteoclasts formed in the coculture
were transferred onto the dentine slice and further
cultured with and without these prostanoids, only PGE,
showed the potency to stimulate resorbed pit formation.
PGFyy showed slight stimulation of osteoclastogenesis
and pit formation as reported previously (Raisz et al,,
1890), although the effects were not significant. These
results suggest that among prostanoids in bone only
PGE; has the potency to stimulate osteoclastic bone
resorption. Hence, to elucidate the regulation of bone
resorption through PGE,;, we further investigated
the regulation and function of the terminal and specific
enzyme PGES in bone.

Induction of mPGES in cultured osteoblasts
by bone resorptive cytokines

We first examined the regulation of expressions of
mPGES and cPGES by bone resorptive cytokines, IL-1¢,
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TNF-¢, and FGF-2, in cultured mouse primary osteo-
blasts. Figure 2A shows the time course of effects of the
bone resorptive cytokines on the mRNA levels deter-
mined by Northern blotting in primary osteoblasts.
mPGES induction by IL-1¢ and TNF-a was observed at
1-2 h, peaked around 3 h, and decreased thereafter,
while that by FGF-2 was detected at 3—6 h and increased
up to 48 h. This time course of mPGES transcript
induction was similar to that of COX-2. Western blot
analysis confirmed induction of the mPGES protein
level by these cytokines (Fig. 2B). It was stimulated by
bone resorptive cytokines at 6—12 h and maintained or
increased thereafter up to 48 h, while the COX-2 protein
level was stimulated earlier at 3 h and decreased after
12 h. In contrast to the induction of mPGES, both
mBENA and protein level of cPGES was expressed
constitutively without being much affected by these
eytokines (Fig. 2A,B).

Induction of mPGES in bone marrow and the
residual bone by intraperitoneal injection of LPS

To investigate PGES expression in vivo, an intraper-
itoneal injection of LPS (0.5 and 5 mg/kg) or PBS was
administered to mice. After 3 and 6 h of injection, tibiae
and femora were extracted, and the bone marrow and
the residual bone were separated. mPGES mRNA level
determined by RT-PCR/Southern blotting was up-
regulated by LPS injection dese-dependently in both
bone marrow and the residual bone (Fig. 3). The indue-
tion seemed transient because it was stronger at 3 h
than at 6 h in bath tissues. cPGES mRNA level deter-
mined by RT-PCR was not affected by LPS injection in
either tissue.

Contribution of mPGES to
osteoclastic bone resorption

To examine the contribution of mPGES to bone re-
sorption, we synthesized a phosphorothioate antisense
oligonucleotide against mPGES. The antisense oligonu-
cleotide was confirmed by Western blot analysis to
inhibit the protein level of mPGES, but not that of
COX-2, in the primary osteoblast culture with and
without IL-la stimulation (Fig. 4A). It also reduced
medium PGE; and RANKL mRNA levels in the same
cultures as compared to the control oligonucleotide
(Fig. 4B). To learn the effect of this antisense oligonu-
cleotide on osteoclastic bone resorption, it was added to
cultured primary ostecblasts, which were then cocul-
tured with bone marrow cells with and without IL-1x or
PGE;. In the control and IL-1a-stimulated cultures, the
antisense oligonucleotide significantly reduced both
osteoclastogenesis and resorbed pit formation on the
dentine slice, while the control oligonueleotide chang-
ed neither of them (Fig. 4C). These inhibitions by the
mPGES antisense oligonucleotide were similarly seen
in the cocultures stimulated by TNF-x and FGF-2 (data
not shown). NS-398, a specific COX-2 inhibitor, also
decreased osteoclastogenesis and resorbed pit formation
to levels similar to those of the mPGES antisense
oligonucleotide. Neither the mPGES antisense oligonu-
cleotide nor NS-398, however, could inhibit the osteo-
clastogenesis and resorbed pit formation stimulated
by exogenous PGE,. These results demonstrate that
mPGES as well as COX-2 is an essential mediator of
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Fig.1. Osteoclastogenesis (A) and bone resorption (B) by prostanoids
in bone. A: Effect of prostanoids on osteoclastogenesis determined by
the number of TRAP-positive multinucleated osteoclasts in the co-
culture system of mouse primary osteoblasts and bone marrow cells.
These cells were cocultured with and without various concentrations
{107°-107° M) of prostaneids (PGE,, PGFa,, PGI,, and TXB,) or a
positive control 1,25(0H)g vitamin D3 (10~® M) for 6 days, The number
of TRAP-positive cells containing more than three nuclei was counted

bone resorption by several cytokines through the
production of PGE,.

DISCUSSION

Based on the fact that PGE; was the only prostanoid
that had the potency to stimulate osteoclastic bone
resorption, in this study we examined the expression
and the function of the terminal and specific enzyme
of PGE, biosynthesis, PGES, in bone. Since mPGES
was shown to be induced by and to mediate effects of

PGF,,

PGI, TX8, VD

as ogteoclasts. B: Effect of prostanoids on bone resorption determined
by the area of resorption pit on a dentine slice by the erude fraction of
osteoclasts formed in the coculture above. An aliquot of the cell
preparation formed in the coculture on collagen gel matrix was strip-
ped and further cultured on a dentine slice for 24 h with the same
agent as the previous coculture. *P <0.01, significant difference from
the control culture. Data are expressed as means (hars) + SEMs (error
bars} for eight cultures/group.

bone resorptive stimuli, this enzyme may play an
important role in physiological and pathological bone
resorption.

Accumulated evidence has shown that mPGES is an
inducible enzyme, the expression of which is markedly
increased just like COX-2 in various cells and tissues
following several stimuli (Jakobsson et al, 1999;
Murakami et al,, 2000; Soler et al,, 2000; Stichtenath
et al., 2001; Yamagata et al,, 2001; Han et al., 2002).
Inducible genes usually contain particular nuclectide
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Fig. 2. Time course of effects of bone resorptive cytokines on mPGES,
c¢PGES and COX-2 expressions in cultured mouse primary osteoblasts.
A: mRNA levels of these enzymes in the control culture (C) and the
IL-la (IL, 10 ng/ml), TNF-x (TN, 10 ng/ml) or FGF-2 (FG, 10 nM)-
stimulated cultures of primary ostecblasts for the indicated periods

elements within their promoter regions that are respon-
sible for regulated transcription. In fact, a number of
studies have reported the transeriptional regulation of
COZX.-2 expression, in which several consensus sites in
the COX-2 promoter have been identified as regulatory
sequences for COX-2 induction in response to various
stimuli in various cells. In osteoblasts, NF-xB, NF-1L6,
AP-1, C/EBP-u, -8, CRE and Runx2 are known to be
involved in the transcriptional induction of COX-2

{30 min to 48 h) determined by Northern blot analysis. B: Protein
levels of these enzymes in the contrel and stimulated cultures of
primary osteoblasts for the indicated periods (3—48 h} determined by
Waestern blot analysis.

(Yamamoto et al., 1995; Harrison et al., 2000; Okada
et al.,, 2000b; Chikazu et al., 2002). Reparding mPGES,
however, although the structure of the human gene,
including a 632-bp 5'-fAanking region, has heen reported
{Forsberg et al., 2000), transcription factors or tran-
scriptional regulatory elements have been studied little.
Our colleagues recently reported that the binding of
Egr-1, an inducible transcription factor, to the proximal
GC box is an essential event that directs the regulatory

3h 6h 3h 6 h
(n!'gp,fg, 0 05 5 0 05 5 0 85 5 0 05 5
mPGES'
cPGES
G3PDH &

Bone marrow

Residual bone

Fig. 3. Effect of intraperitoneal injection of LPS on mPGES &nd ¢PGES mRNA levels in bone marrow
and the residuat bone. After 3 and 6 h the intraperitoneal injection of PBS (0) or LPS (0.5 and & mgkg) to
mice, mRNA was extracted separately from the bone marrow of long bones and the residual bone. mPGES
and ¢cPGES mRNA levels were determined by RT-PCR/Southern blotting and RT-PCR, respectively.
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Fig. 4 Inhibitory effects of an mPGES antisense oligonuclectide on
mPGES expression (A), PGE; production and RANKL expression (B),
and osteoclastic bone rescrption (C). A: Effects of the antisense and
the control oligenucleotides on mPGES and COX-2 protein levels
determined by Western blotting in the primary osteoblast culture with
and without IL-1a (1 ng/ml) stimulation for 12 h. B: Effects of the
antisense and control eligonucleotides on medium PGE, level and
RANKL mRNA level measured by ELISA and semiquantitative BT-
PCR, respectively, in the primary osteoblast culture with and without

expression of mPGES under proinflammatory stimula-
tions by LPS, IL-1, and TNF-» in mouse osteoblastic
MCS3T3-E1 cells (Naraba et al., 2002). Although the
mouse mPGES promoter contains several other con-
sensus binding sites such as C/EBP-q, -§, and AP-1,
which have been implicated in COX-2 induction, the
report failed to show the involvement of these sites in the
promoter activation. Since there was no binding site for
NF-xB, NF-IL6, CRE or Runx2 in the mPGES promoter,
transcriptional mechanisms for inducible expression of
mPGES and COX-2 are likely to be distinet. In addition,
the time course of the stimulation of protein levels of
mPGES and COX-2 by bone resorptive cytokines was
different: the former kept increasing during the culture
periods while the latter was transient with the peak
around 3-6 h. This discrepancy also implies a differ-
ence in translational or post-translational regulations
between mPGES and COX-2 by these cytokines. Even
though both enzymes are stimulus-inducible and func-
tion sequentially in the same PGEz-biosynthetic path-
way, the kinetics of the induction seems not to be
entirely identical in ostechlasts.

A synthesized antisense oligonucleotide inhibited
osteoclastic bone resorption in the coculture of osteo-
blasts and marrow cells. We suspect that the target of
this antisense oligonucleotide was osteoblasts because it
inhibited RANKL expression in cultured primary osteo-

IL-1a stimulation, C: Effects of the oligonuclectides and NS-398, a
specific COX-2 inhibitor, on osteoclastogenesis and resorbed pit for-
matien on the dentine slice determined as described above (Fig. 1) in
the coculture with and without IL-1a or PGE,. These oligonuclectides
and N5-398 were first added to cultured primary osteoblasts, and after
4 h, cocultured with bone marrow cells with and without each agent.
*P<0.01, significant inhibition from the control-oligenucleotide
culture (B) and from the control culture {(C). Data are expressed as
means (bars) + SEMs (errar bars) for eight cultures/group,

blasts. In this system, however, the possible involve-
ment of the down-regulation of mPGES in bone marrow
hemopoietic cells that are osteoclast precursors in this
effect cannot be denied, In fact, nPGES is reported to be
expressed and up-regulated transcriptionally by proin-
flammatory cytokines in the macrophage cell line
RAW264.7 (Naraba et al., 2002). Furthermore, previous
studies showed that PGE; has a potency to stimulate
osteoclast formation from precursors directly in the
absence of osteoblasts/stromal cells (Waniet al., 1999; Li
et al, 2000). The cellular mechanism of cytokine-
induced osteoclastic bone resorption through mPGES
induction and PGE, production still remains to be
investigated.

It is expected that the mPGES pathway will be a
target for therapeutic intervention for patients with
bone resorptive diseases like postmenopausal ostec-
porasis and RA joint destruction, Bone resorptive cyto-
kinesused in this study are actually known to contribute
tothese disorders. We and cthers have reported that up-
regulation of IL-1 and TNF-« production in bone marrow
are implicated in bone loss with estrogen withdrawal at
least partly through PGE, production (Kawaguchiet al.,
1995c¢; Pacifici, 1996; Pfeilschifter et al., 2002). Although
our preliminary studies so far have failed to detect the
regulation of mPGES expression in bone or bone marrow
by ovariectomy in mice, possibility of the involvement
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of a subtle change of endogenous mPGES level in the
etiology of postmenopausal osteoporosis cannot be
ignored. We also reported that another cytokine FGF-2
in the synovial fluid plays a role in the RA joint de-
struction (Manabe et al., 1999) and that FGF-2 stimu-
lates osteoclastogenesis through PGE; production in
osteoblasts (Kawaguchi et al., 1995¢, 2000; Chikazu
et al,, 2001). Since proinflammatory cytokines are re-
ported to induce mPGES in synovial cells as well
(Stichtenoth et al., 2001), mPGES might also possibly
involved in the pathophysiology of the RA joint de-
struction. Unlike NSAIDs, which inhibit COX activity
and suppress not only PGE; but also other essential
prostanoids, which maintain physiological functions, an
inhibitor of this PGE, specific enzyme could provide a
highly selective treatment for these diseases with low
side effects.

It should be noticed that the present study is limited to
in vitro experiments. In fact, PGs, particularly those of
the E series, are known to have potent effects not only on
bone resorption, but also on bone formation in vive
{Miller and Marks, 1994; Jee and Ma, 1997). The
osteogenic effects are mainly seen when a substantial
amount of exogenous PGEs were applied locally or
systemically. Regarding the role of endogenous PGEs,
recent reports on knockout mice of PGEs-related mole-
cules including PGE; receptors or COX-2 failed to
demonstrate their abnormalities of skeletal develop-
ment or growth, indicating that endogenous PGEs are
not important for physiologic osteogenesis; however,
under pathologic conditions such as fracture healing
and mechanical stimulation, osteogenesis is reported to
be impaired by the deficiency of COX-2 and EP2,
respectively (Akhter et al., 2001; Simon et al., 2002).
Contrarily, studies on knockout mice have also shown
the essential role of COX-2 and EP4 in the stimulation of
boneresorption by parathyroid hormone and LPSin vivo
(Sakuma et al., 2000; Okada et al., 2000a). Hence,
further studies using mPGES-deficient mice will be
needed to clarify the in vivo roles ¢f endogenous mPGES
in bone formation and resorption under physiologic and
pathologie conditions.
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Abstract

Polyion complex (PIC) micelles composed of the poly(ethylene glycol}-poly(L-lysine) (PEG-PLL) block copolymer and plasmid
DNA (pDNA) were investigated in this study from a physicochemical viewpoint to get insight into the structural feature of the PIC
micellar vector system to show practical gene transfection efficacy particularly under serum-containing medium. The residual ratio
(r) of the lysine units in PEG-PLL to the phosphate units of pDNA in the system significantly affects the size of the PIC micelles
evaluated from dynamic light scattering, being decreased from approximately 120 to 80 nm with an increase in the r value for the .
region with r> 1.0, The zeta potential of the complexes slightly increased with r in the same region, yet maintained a very small
absolute value and leveled off to a few mV at ra:2.0. These results suggest that the micelles are most likely to take the core-shell
structure with dense PEG palisades surrounding the PIC core to compartmentalize the condensed pDNA. Furthermore, an
increasing r value in the region of r3>1 induces a rearrangement of the stoichiometric complex formed at = 1.0 to the non-
stoichiometric complex composed of the excess block copolymer. The association number of pDNA and the block copolymer in the
micelle was estimated from the apparent micellar molecular weight determined by static light scattering measurements, indicating
that a single pDINA molecule was incorperated in each of the micelles prepared from the PEG (M, = 12,000 g/mol)-PLL
(polymerization degtee of PLL segment: 48) (12-48) block copolymer at r= 2.0. These 12-48/pDNA micelles showed a gene
expression comparable to the lipofection toward cultured 293 cells, though 100 um chloroquine was required in the transfection
medium. Notably, even in the presence of setum, the PIC micelles achieved appreciable cellular association to attain a high gene
expression, which is in sharp contrast with the drastic decrease in the gene expression for lipoplex system in the presence of serum. A
virus-comparable size {~ 100 nm) with a serum-tolerable property of the PIC micelles indeed suggests their promising feasibility as
non-viral gene-vector systems used for clinical gene therapy.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The fast progress in clinical gene therapy has
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light scattering.
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significantly motivated the development of safe and
efficient non-viral gene delivery systems, which may
substitute for viral vectors still having inherent safety
problems such as immunogenicity and viral recombina-
tion [1]. Most non-viral systems so far applied are
composed of cationic lipids or polymers that can be
associated with negatively charged DNA, and the
appreciable enhancement in gene expression has been
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achieved by the use of these lipoplex and polyplex
systems especially in in vitro transfection {2-6). Never-
theless, serious problems still remain in these non-viral
vector systems especially in an in vivo situation. Poor
solubility of the complexes particularly for the charge-
ncutralized condition is one of major problems. Excess
cationic components in the complexes may improve the
solubility, yet the positively charged nature of the
complexes induces other problems such as cytotoxicity
and the non-specific disposition to medium components.

These problems may be overcome by introduction of
a hydrophilic segment onto the surface of the complexes.
In this regard, polyplex systems based on block- or
graft-catiomers with neutral and hydrophilic segments,
such as poly(ethylene glycol} (PEG), are particularly
attractive, because they may form a characteristic
micelle structure with a hydrophilic shell layer surround-
ing the core of the polyion complex (PIC) formed
between DNA and the catiomer segments (PIC micelles)
[7-13]. Indeed, the PIC micellar vector composed of
poly(ethylene glycol)-poly(L-lysine) (PEG-PLL) block
copolymers exhibited improved solubility even under a
charge-neutralized condition [10,14-17]. Furthermore,
there was observed a remarkable increase in the nuclease
resistance of the micelle-entrapped pDNA [18]. The
practical advantage of this system is the excellent
stability in a serum-containing medium [19], lending
itself to be useful for gene delivery under physiological
circumstances.

The chemical structure and composition of the
constituent block catiomers definitely affect the physi-
cochemical properties of the PIC micelles, including
their architecture, size, and stability, and thus are likely
to be crucial parameters for determining their gene
transfection efficiency. Although a few studies in this
regard have so far been reported [8,20,21], a general
consensus on the structure—function relationship of PIC
miicellar vector system has not yet been accomplished,
This led us to the present study to thoroughly investigate
the structure-function relationship of PIC micellar
vector systems based on PEG-PLL, featuring their
utility as gene transfection systems especially under
serum-containing conditions. ’

2. Materials and methods
2.1. Materials

Three types of PEG-PLL block copolymers (PEG-
PLL; PEG M, =12,000g/mol) having different poly-
merization degrees of the PLL segments (7, 19, 48; the
code names are 12-7, 12-19, 12-48, respectively) were
synthesized as previously reported [10]. Poly(L-lysine)
with & degree of polymerization(DP)=258 was pur-
chased from the Sigma Chemical Co. LipofectAMI-

NE™  reagent was purchased from Gibco-BRL
(Burlington, USA). Plasmid DNA (pDNA)} encoding
luciferase (pGL3-Luc, Promega; 5,256 bps) was ampli-
fied in competent DH5w Escherichia coli and purified
using EndoFree™ Plasmid Maxi or Mega Kits {QlA-
GEN, Germany). The DNA concentration was deter-
mined by reading the absorbance at 260 nm. Dulbecco’s
modified eagle medium (DMEM) and fetal bovine
serum (FBS) were purchased from Sigma.

2.2, Preparation of polyion complex micelles and other
complexes

The PEG-PLL block copolymer and pDNA were
separately dissolved in 10 mm Tris-HCl buffer (pH 7.4).
Both solutions were mixed at various charge ratios of
the number of lysine units per nucleotide (r=[lysine
residue]/[nucleotide]). The poly(L-lysine)/DINA complex
(PLys-polyplex) was similarly prepared by mixing
poly(L-lysine} in the pDNA solution. The cationic
lipid/DNA complex (lipoplex) was prepared by mixing
the pDNA solution and LipofectAMINE™ reagent
following the protocol provided by the manufacturer. In
all cases except for the evaluation of the critical
association concentration, the final DNA concentration
was adjusted to 30 pg/ml.

2.3. Light scattering measurements

The light scattering measurernents were carried out
using a DLS-7000 (Otsuka Electronics Co., Ltd., Osaka,
Japan). A vertically polarized light of 488 nm wave-
length from an Ar ion laser (75mW) was used as the
incident beam. All measurements were carried out at
25.0°C.

During the dynamic light scattering (DLS) measure-
ments, the autocorrelation function was developed by
the following equation;

gV (@) = exp[—I't + (4 /2)7% — (uy /3T + -] m

yielding an average characteristic line width of " The z-
averaged diffusion coefficient was obtained from [I°
based on the following equations:

F = D¢, )]

g = (4nn/A)sin(8/2), 3)

where ¢ is the magnitude of the scattering vector, » is the
refractive index of the solvent, A is the wavelength of
the incident beam, and § is the detection angle. The
hydrodynamic diameter dj, can then be calculated using
the Stokes-Einstein equation:

dy = kT /(3nn D), @

where kg is the Boltzmann constant, T is the absolute
temperature, and » is the viscosity of the solvent. Also,



K Tiaka et al | Biomaterials 24 (2003) 44954506 4497

the polydispersity index (Pl = u,/I?) was derived from
Eq.(1).

During the static light scattering (SLS) measurements,
the light scattered by a dilute polymer solution may be
expressed by the following equation:

KC/AR(S) = (1/Muapp)(1 + F°R3/3) + 24,C, &)

where C is the concentration of the polymer, AR(6) is
the difference between the Rayleigh ratio of the solution
and that of the solvent, M, is the apparent weight-
averaged molecular weight, R§ is the mean square radius
of gyration, As is the second virial coefficient, and X =
(4p*n?(dn/dc)?)/(Nal*) (N is Avogadro’s number). The
known Rayleigh ratio of benzene was used as the
calibration standard.

For each sample, the angular dependence of AR(H)
was measured, and the change in My s, with the mixing
charge ratio (r) was evaluated using the Debye equation
as follows:

KC/AR(QQ) = 1/ My, zpp + 245C. {6)

The increments of the refractive index, dn/de, of the
solutions were measured using 2 DRM-1020 double-
beam differential refractometer (Otsuka Electronics Co.,
Ltd., Osaka, Japan).

2.4, Exclusion assay of ethidium bromide

PIC micelle solutions with various mixing charge
ratios and ethidivm bromide (EtBi) solution were
separately prepared and then mixed. The final concen-
tration was adjusted to 1.43 pg/ml of pDNA and 1.7 pg/
ml of EtBr. The mixtures were stored overnight in the
dark foliowed by the fluorescence intensity measurement
at 25°C (dex 527nm, Ao 585nm) using a spectro-
fluorometer (JASCO, FP-777).

2.5. Evaluation of the condensation state of pDNA by
Jluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET)
measurements of complexes containing doubly labeled
pDNA were performed in a similar way as that
previously described [19]. Briefly, pDNA was labeled
using a Label IT Nucleic Acid Labeling Kit (Panvera,
USA). Following a protocol provided by the manufac-
turer, slightly modified to allow double labeling of
DNA, 5-50l of a pDNA solution {1 mg/ml) and the
same amount of Label IT Reagent (for fluorescein or X-
rhodamine) were mixed in 20 mm MOPS buffer (pH 7.5)
and incubated at 37°C for 2h, For double labeling of
the fluorescein and X-rhodamine, the two reagents were
simultaneously added to the pDNA solution. Unreacted
labeling reagent was removed and pDNA was purified
by ethanol precipitation.

Fluorescence emission of the free pDNA and DNA-
loaded complex particles were measured at 25°C using a
spectrofluorometer (JASCO, FP-777). The excitation
wavelength was 492 nm.

2.6. Laser-Doppler electrophoresis measurements

Laser-Doppler electrophoresis measurements were
carried out using a LEZA-600 (Otsuka Electronics
Co., Ltd., Osaka, Japan) at 25.0°C. From the obtained
electrophoretic mobility, the zeta potential () was
calculated wusing the Smoluchowski equation as
follows:

{ = 4nnufe, M

where u is the electrophoretic mobility, 7 is the viscosity
of the solvent, and ¢ is the dielectric constant of the
solvent.

2.7. Invitro transfection

293 cells were seeded in six-well culture plates. After a
43h incubation in medium containing 10% FBS, the
cells were rinsed and then 1000p! culture medium
without FBS was added to each well. Complex solution
(100ul) (pDNA concentration was 30pg/ml) was
applied to each well. For the PIC micelles and PLL/
PDNA complexes, 100um of chloroquine (Sigma) was
included. After 4k, the medium was removed and
replaced by 10% FBS containing medium. After a
further 24 h of incubation, the luciferase gene expression
was measured. For the preincubation study with serum,
medium containing 20vol% FBS was added to the
solutions of the complexes and incubated at 37°C for
30min prior to the transfection study.

2.8. Analysis of cellular association of complexes

pDNA was labeled with fluorescein as previously
described (2.5). The complexes (PIC micelles, PLys-
polyplex, and lipoplex) loaded with fluorescein-labeled
pDNA were applied to the 293 cells in a way similar to
the procedure for in vitro transfection (2.7). After an
hour of incubation, the culture medium was aspirated
and cells were washed twice with phosphate buffered
saline (PBS). After .detachment by pipetting and
resuspension in PBS, the cells were analyzed using a
flow cytometer (EPICS XL, Beckman Coulter, Inc).
Mock transfection allowed the definition of the natural
fluorescence limit for the 293 cells and thus assessment
of the fluorescein-positive cells. The cytometric data
were analyzed using EXPO32™ software (Beckman
Coulter, Inc).



4498 K Itaka et al | Biomaterials 24 (2003) 4495-4506

3. Results and discussion

3.1. Evaluation of the size of PIC micelles by dynamic
light scattering

As the size of the vector systems is known to be one of
the crucial factors affecting their gene expression
efficiency {11,22-25], the average diameter of the PIC
micelles from pDNA and PEG-PLL with varying
composition (12-7, 12-19, 12-48) was evaluated in detail
using DLS in 10mm Tris-HCI buffer (pH=7.4). The
mixing charge ratio (r), the residual melar ratio of the
lysine units in PEG-PLL to phosphate units in pDNA
in the mixture, was systematically changed in the range
of r = 0.4-5.0, revealing the r-dependent change in the
cumulant diameter of PEG-PLL/pDNA. micelles as seen
in Fig. 1(A). Also, the values of p2/I? (polydispersity
index) were calculated and plotted in Fig. 1(B) to
estimate the dispersity of each system.
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Fig. 1. (A) Change in the cumulant diameter with mixing charge ratio
(r) for PIC micelles formed from pDNA and PEG-PLL (M, 12-7/
pDNA; 4, 12-19/pDNA; and @, 12-43/pDNA). (B) Change in the
polydispersity index (4?/I'*} with mixing charge ratio (r} for PIC
micelles formed from pDNA and PEG-PLL (M, 12-7/pDNA; &, 12-
19/pDNA; and @, 12-48/pDNA).

Enough photon counts to determine the diffusion
coefficient, and eventually the average diameter, were
obtained for the samples with r>0.4, suggesting the
formation of PIC micelles in this region. There was
observed a clear decrease in the diameter as »
approaches unity with a concomitant decrease in the
polydispersity index to less than 0.2, suggesting a
narrowing of the complex distribution. A typical
histogram profile in gamma-distribution mode of PIC
micelles from pDNA/12-48 at r = 1.0 is shown in Fig. 2,
demonstrating the feature of unimodal distribution of
this system.

Worth noticing is the continuous decrease in the
diameter even in the region with excess PEG-PLL
(r > 1.0}, followed by a leveling-off to approximately 90—
100 nm at r=~2.0. It should be noted that severa] studies
on the complexation of DNA with polycations, includ-
ing block ionomers, revealed the coil-globule transition
of DNA molecules upon complexation to take the
compact conformation [26-29]. This process is called
compaction or condensation, and in particular, was
confirmed for the PEG-PLL/DNA system by various
methods, including thermal analysis (salmon DNA) [15],
dye-exclusion assay (calf thymus DNA) [30], and
atomic-force microscopy (pDNA with 6kbp) [17). Thus,
the decreased diameter of PEG-PLL/pDNA shown in
Fig. 1 with an increase in the r value is likely to reflect
the process of DNA condensation induced by the
complexation with PEG-PLL. This process of DNA
condensation can be evaluated from a change in the
fluorescence intensity of the intercalating dye, such as
EtBr, because EtBr is excluded from the double-helical
strand of DNA with progress of the DNA condensation,
resulting in a decreased fluorescent intensity (dye-
exclusion assay).

The result of the dye-exclusion assay is shown in
Fig. 3. In line with a trend in the diameter change with »
as shown in Fig. 1(A), the fluorescent intensity of EtBr
decreased with r, and leveled off at around r=2.0,
indicating that the pDINA condensation is completed at
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Fig. 2. Size distribution obtained from histogram analysis of DLS. A
PIC micelle was formed from PEG-PLL(12-48) and pDNA at the
mixing charge ratio (r)=1.0,
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this point. This is a striking contrast with the result of
the dye-exclusion assay for linear DNA (calf thymus)
complexation with PEG-PLL (10-78) reported by
Seymour et al. [17], where the condensation was already
completed at a stoichiometric mixing ratio (r = 1.0).
Indeed, a similar tendency was observed for our system
utilizing the linealized pDNA (data not shown), Native
pDNA is in a super-coiled circular form, which certainly
has a higher molecular restraint than the linear-formed
DNA, and it is likely that these differences in molecular
topology may crucially affect the condensation process
of the DNA molecules, Presumably, ion-pair formation
between the phosphate in pDNA and the protonated
amino group in the PLL segment of PEG-PLL may not
be completed at the stoichiometric charge ratio due to
the steric reason, requiring excess PLL strands to
participate in the ion-pair formation with residual
phosphate groups in the pDNA strands to promote
further condensation. Eventually, size reduction as well
as dye exclusion accompanied with pDNA condensation
were completed in the region with an excess equivalent
of PEG-PLL,

Further investigations into the effect of the length of
the PLL strands on pDNA condensation were then
carried out by FRET measurement. PEG-PLL with
varying PLL lengths {12-7, 12-19, 12-48) and doubly
labeled (fluorescein and X-rhodamine) pDNA solutions
were mixed at r=1.0 and 2.0, respectively. The
condensation state of pDNA inside the complex was
evaluated by FRET between fluorescein (donor) and X-
rhodamine (acceptor), typically represented by the
emission intensity ratio of 597nm (X-rhodamine emis-
sion) to 520 nm (fluorescein emission). As seen in Fig. 4,
PEG-PLL with a onger PLL segment showed a higher
emission intensity ratio at » = 1.0, indicating progressive
condensation of pDNA in the micelle with a longer PLL
segment. The ratios further increased with the r value
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Fig. 4. FRET efficiency of X-rhodamine/fluorescein-labeled pDNA
entrapped in PIC micelles made from PEG-PLL with varying
compositions (12-7, 12-19, and 12-48) at different mixing charge ratios
(r = 1.0 and 2.0).

and became almost equivalent for these three samples
with different PLL length, which is consistent with the
result of the dye-exclusion assay shown in Fig. 3. An
appreciable increase in the emission intensity ratio with
the r value for 12-7 suggests that an excess cationic
component may be required for the block copolymer
with a shorter PLL length to induce an effective
condensation of pDNA.

Consequently, a decrease in the average diameter of
the PIC micelles with an increase in the r values is indeed
correlated with the pDNA condensation due to the
complexation with PEG-PLL. Nevertheless, a signifi-
cant decrease in the average diameter (121-80 nm) in the
region of 1.0 <r<2.0 is unlikely to be explained only by
the progress of the pPDNA condensation. It is reasonable
to assume that there might be a concomitant decrease in
the association number, i.e., a decrease in the number of
pDNA molecules included in each PIC micelle in this
transient region of r between 1.0 and 2.0. This issue will
be discussed later based on the results of the SLS in the
PIC micelle systems {Section 3.3).

3.2. Zeta potential measurements of PIC micelles

In order to estimate the surface localization of the
hydrophilic PEG segments in the PIC micelles, the zeta
potential of the complexes was determined from laser-
Doppler electrophoresis measurements. Measurement of
the zeta potentials of the PEG-PLL/pDNA system with
varying compositions revealed the existence of two
regions with a boundary at » = 1.0, which may reflect a
substantia] difference in the property of the complexes.
As shown in Fig. 5, in the region of r< 1.0, there was
clearly observed two fractions having different zeta
potential values: fractions with { =0 and {<0. The
fraction with { <0 gradually shifted toward { = 0 with r
reaching unity, and merged with the other neutral



4500 K Itaka et al. [ Biomaterials 24 (2003) 44954506

30
="
20+
z ]
g n
L
£ 103
0-
‘Illllil'lllllllllllI[
20 0 -20 -40 -60

mobility{cm2/V/s*105)

Fig. 5. Electropherogram of the 12-48/pDNA system for various
mixing charge ratios (r).

fraction ({ =0) at r=1.0. The co-existence of two
fractions at r< 1.0 suggests the cooperative nature of the
complexes, leading to the formation of a stoichiometric
complex fraction ({=0) (PIC micelles) even in the
region with excess pDNA (r<1.0). It should be noted
that a similar co-operativity was also suggested for the
complexation of PEG-PLL with linear salmon DNA
based on thermal analysis results [15]. In general,
cooperative complexation from a pair of oppositely
charged polyelectrolytes is known to be observed for the
system accompanying phase separation [26-29], which is
indeed in line with the coil-globule transition (con-
densation) of DNA molecules upon complexation with
PEG-PLI. -
Worth noting is that an electorophoregram with
enough intensity was not able to be obtained for the
complex between pDNA and poly(L-lysine) with a chain
length corresponding to the PLL segment of PEG-PLL
used in this study (DP=7-48) because the complexes
were not stable enough to tolerate the applied electric
field, and dissociated during the laser-Doppler electro-
phoresis measurement. This result clearly indicates that
PEG segments in PEG-PLL play a substantial role in
the increased stabilization of the complexes formed from
PEG-PLL/pDNA. Presumably, the relatively low di-
electric constant of the PEG palisade surrounding the
complexed pDNA with PLL segment may contribute to
increasing the complex stability. It should be noted that
the coil-globule transition of DNA molecules is
facilitated in the medium containing a high concentra-
tion of PEG due to the decreased dielectric constant [31).
On the other hand, the fraction with a negative zeta
potential ({<0) is the non-stoichiometric complex
consisting of partially neutralized pDNA with PEG-
PLL, which diminishes at » = 1.0 because at this point,
all the pDNA molecules should participate in the
formation of stoichiometric PIC micelles with ¢ = 0.
The stoichiometric PIC micelles at » = 1.0 existed as a
clear solution without any precipitation for more than a
month even though their zeta potentials were almost

zero. Apparently, this is due to the formation of PEG
palisades surrounding the micelle surface, ensuring the
high solubility based on the steric stabilization propen-
sity of the PEG layer.

Fig. 6(A) shows the change in the zeta potential with r
values for PIC micelles having different PLL segment
lengths. In all cases, there was observed two fractions in
the region of r< 1.0, indicating the co-existence of two
kinds of complexes, i.e., stoichiometric {{ = 0) and non-
stoichiometric ({<0). A fraction of the non-stoichio-
metric complexes was merged into the stoichiometric
fraction with r reaching unity. These results are
consistent with a trend in the polydispersity factor
shown in Fig. 1(B), in which the dispersity of the system
gradually improves and becomes narrower with r
approaching unity.

The zeta potential of the PIC micelles maintained a
very small absolute value even in the region of r31.0,
yet, as shown in Fig. 6(B} with a magnified y-axis, there
was observed a slight increase in the zeta potential with
an increase in the r value, reaching a plateau value of
approximately 2-6mV depending on the PLL chain
length. These gradual changes in the zeta potential with
r are in line with the average diameter profile observed
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Fig. 6. (A) Change in the zeta potential with mixing charge ratio {r)
for PIC micelle formed from pDNA and PEG-PLL (12-7, 12-19, 12-
48) or PLL, (B) An enlarged form of (A). W, 12-7/pDNA; A, 12-19/
pDNA; @, 12.48/pDNA,; and ¢, PLL.
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by DLS (Fig. 1) as well as with the pDNA condensation
profile estimated by the dye-exclusion assay (Fig. 3). The
most reasonable model to explain these trends is that, in
the presence of an excess block copolymer, stoichio-
metric PIC micelles formed at r = 1.0 may undergo
further rearrangement with a progressive pDNA con-
densation and a decreased association number to form
the non-steichiometric micelles composed of an excess
block copolymer.

3.3. Static light scattering measurement of PEG-PLL/
PDNA micelles

Further details of the PEG-PLL association with
pDNA were then explored through measurement of the
SLS of the system with a changing r value. It should be
noted that the value of the reflective index increment
(dn/dc) should be needed to estimate the apparent
molecular weight (M, qpp) of the complex from SLS
because X in Eq. (6) is a function of dn/dc. The dn/dc of
the multicomponent system like the multimolecular
complexes of the block copolymer as examined here
may be expressed as a summation of the dn/dc of each
component:

(dn/dc) = Wa(dn/dc), + We(dn/de)y
+ We(dnfdo)e + -, (8

where (dn/dc),, (dn/dc)g, (dn/de)e, ... are the reflective
index increments and Wy, Wy, Wc, ... are the weight
fractions of the A, B, and C, components,
respectively. To confirm the validity of Eq. (8) in the
present case of the PEG-PLL/pDNA micelles,
(dn/dc) .y, for the micelles with varying » were calculated
from Eq. (8) using the observed values of the refractive
index increments of each component, (dr/de)ppg_pLL
and (dn/dc),pna, Which are summarized in Table 1, and
then, compared with the experimental values
((dn/de),,,) of the micelles as seen in Table 2. Obviously,
(dn/dc)e,, nicely agreed with (dn/dc),,., indicating that
Eq. (8) is applicable for the evaluation of the present
system.

The values of KC/AR(0) were then measured in the
region of 0.9-30 ug/ml of pDNA, and plotted in Fig. 7.
Obviously, these values remained constant in this
concentration range, indicating that a critical associa-
tion phenomenon was not observed in a highly diluted
condition as low as 0.9 ug/ml. Thus, Mo, was directly
calculated from the Debye plots without taking into
account the critical association concentration. The
My app of each micelle with varying r value was then

Table I
The dn/de values of pPDNA and PEG-PLL block copolymers

pDNA 12-7 12-19 12-48
dr/fde 0.3331857 0.1438473 0.1471704

0.152084

Table 2
The dn/de values of PIC micelles formed from pDNA and PEG-PLL
block copolymer with varions mixing charge ratio ()

r{=|[Lys}l 0.6 1.0 2.0 5.0
[nucleotide])

12-7  0.19190273 0.17593855 (0.16137863 0.15127234
(dnfde)y  12-19 0.22211613 0.20077711 0.17348611 0.16110413
[2-43 0.25050884 0.22754304 0.15974234 0.17472171

[2-7 0.1944355 0.1884075 0.1600874 0.1534566
(dnfde)y,, 12-19 0.225735 0206615  .1861209 0.1693673

1248 0.243308 02252582 0202066  0.1683278
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Fig. 7. Change in KC/AR(0) value with the concentration for PEG-
PLL/pDNA system at r = 1.0. 8, 12-7/pDNA; A, 12-19/pDNA; and
@, 12.483/pDNA.
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charge ratio (r) for PIC micelles formed from pDNA and PEG-PLL.
N, 12.7/pDNA; A, 12-19/pDNA; and @, 12-48/pDNA.

calculated based on Eq. (6), assuming that all of the
components in the medium, both PEG-PLL and
pDNA, participated in the micelle formation, and thus,
the total concentration of PEG-PLL and pDNA was
adopted as C in Eq.(6). As seen in Fig. 8, Muup
monotonously increased with an increased r value in the
range of r<1.0. This is consistent with an increase in
the fraction of stoichiometric PIC micelle observed in
the aforementioned zeta potential measurements (Sec-
tion 3.2), and eventually at the neutralized condition of
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Table 3

Mass per charge of PEG-PLL block copolymers

PEG-PLL 12-7 12-19 12-48
Mass per charge 1593 803 455

r= 1.0, My ap, should directly give that of the stoichio-
metric PIC micelles. Apparently, Ay, ., was maximized
at r = 1.0 for all combinations with a pronounced trend
as the length of the PLL segment increased, There was
no further agglomeration of the complexes at r = 1.0,
keeping a stable dispersion with a constant diameter for
a prolonged period of storage, even though the absolute
value of their zeta potential is almost zero.

It is noteworthy that A, ., of the associate correlates
with the length of the PLL segment in the block
copolymer. As expected from the mass per charge value
of each PEG-PLL in Table 3, the weight ratio of PEG in
the stoichiometric PIC micelle at r=1.0 should
inversely correlate to the PLL chain length of PEG-
PLL. Indeed, the weight fractions of the PEG segments
for the stoichiometric micelles composed of 12-7, 12-19,
12-48 were calculated to be 72, 53, 32 wt%, respectively,
showing that micelles with a higher PEG content results
in a lower My, or lower association number. The
pPDNA used here consists of 5256 bps, corresponding to
ca. 3.4 x 10°g/mol. As calculated from the My, of
micelles, an average number of two pDNA molecules
may then be involved in each 12-48/pDNA micelle at
r = 1.0. On the other hand, the association number of
PDNA in the micelle is estimated to be unity for the 12-
7/pDNA and 12-19/pDNA systems, assuming the
formation of stoichiometric micelles. Presumably, the
increased weight fraction of the PEG segment in
the block copolymer with a shorter PLL chain may
further contribute to segregate the PIC phase in the micelle
from the aqueous exterior, allowing a single plasmid
complex to stabilize without any secondary coalescence.

There is a clear and steep decrease in Myapp with an
increased r value for the 12-48/pDNA system particu-
larly in the region of 1.0 <r<2.0, suggesting a decreased
association number. Assuming that all of the PEG-PLL
molecules in the solution may participate in the micelle
formation with pDNA, the association number of
pDNA in the 12-48/pDNA micelle is calculated to reach
unity at an r value near 2.0 to form a single plasmid
complex. Apparently, this is consistent with the in-
creased weight fraction of PEG in the micelle with an
increased r value to prevent secondary coalescence.

3.4. Transfection to 293 cells
In vitro transfection to 293 cells was performed in the

presence of 100 uM chloroquine using PEG-PLL/pDNA
micelles prepared from pDNA and PEG-PLL with
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Fig. 3. Transfection efficiency to 293 cells by PIC micelles formed
from pDNA and PEG-PLL with varying compositions (12-7, 12-19,
and 12-48). 100uM of chloroquine was included in the transfection
medium (n =4, +5.D.).

varying compositions (12-7, 12-19, 12-48). As shown in
Fig. 9, the transfection efficiency was progressively
improved by increasing the length of the PLL segment in
the PEG-PLL complexing with pDNA. Comparing the
micelles with the same PEG-PLL composition but
different r value, a higher gene expression was always
achieved for the non-stoichiometric micelles (r> 1.0)
compared to the stoichiometric one. The highest
expression was achieved by the 12-43/pDNA micelle
with r =2.0. To get insight into the mechanism of this
significant effect of the micellar composition on the
transfection efficacy, the cellular association of the PIC
micelles entrapped with fluorescein-labeled pDNA was
estimated by flow cytometry. As shown in Fig. 10(A),
there was merely a marginal positive shift in the cyto-
fluorogram for cells applied with 12-7/pDNA and 12-19/
pDNA micelles. In contrast, cells applied with 12-48/
PDNA micelles revealed a significant increase in the
fluorescence intensity regardless of the r value, indicat-
ing their efficient association with pDNA. This tendency
is clearly represented by a mean value of the fluorescent
intensity of 10,000 cells as shown in Fig. 10(B), and is
consistent with the transfection results at least when
compared to the systems with similar r values. It is
noteworthy to discuss this appreciable effect of the PLL
length on the cellular association of pDNA-loaded
micelles and subsequent transfection results. Appar-
ently, there are no significant differences in the static
physicochemical properties, including the size and zeta
potential, among the PIC micelles composed of PEG-
PLL with varying PLL compositions as seen in Figs. 1, 6
and 8. Nevertheless, as we previously reported [18],
the dynamic stability of the PEG-PLL/DNA rmicelles
against the chain exchange reaction with a counter-
polyanion, ie., poly(vinyl-sulfonate) and dextran
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Fig. 10. Cellular association of fluorescein-labeled pDNA entrapped in PIC micelles with varying compositions. {A) Cyto-fluorogram of 293 cells
after transfection using PIC micelles. (B) Mean value of the fluorescent intensity for 10,000 cells (n=4, £8.D).

sulfate, progressively increased with an increase in the
chain length of PLL segment, and further correlates
with the nuclease resistance of the micelle-entrapped
DNA in the serum-containing medium. Presumably, a
substantial degree of DNA dissociation may occur from
the micelle composed of 12-7 and 12-19 in the medium
or at the cellular surface with an appreciably high local
concentration of anionic carbohydrates, thus interfering
with the DNA localization into the cellular compart-
ment. This is consistent with our recent results of an
animal study demonstrating a higher stability of super-
coiled DNA in the blood compartment for the 12-48/
PDNA micelles than the 12-19/pDNA micelles [32].

The considerably high cellular association of the 12-
48/pDNA system is somewhat surprising, and even
controversial to the non-fouling propensity of the
hydrated PEG strands through effective steric repulsion.
Nevertheless, PEG may have an attractive interaction
with each other, or with other components, directly
through a hydrophobic interaction or indirectly through
the bridge of the bound water molecules, particularly in
a concentrated state. Note that PEG can serve as a
proton-acceptor to form a hydrogen-bonded complex
with a proton-donating polymer such as poly(acrylic
acid)} [33]). Thus, it may be reasonable to assume a
possible interaction between the cellular membrane and
the densely localized PEG strands of the micelle shell at
the interface.

Although there was observed a clear influence of the »
value in the gene expression as shown in Fig. 9, the
cellular association of pDNA was less affected by the r
value. Typically in the 12-483/pDNA micelles, both the
r = 1.0 and 2.0 micelles had an appreciably high cellular
association of pDNA (Fig. 10B), yet only the r =20
micelles achieved a sufficient gene expression. This result
suggests a substantial difference in the intracellular fate,
including stability, localization, and trafficking, between
the micelles with a different r value. It should be noted
that a single pDNA complex with a fully condensed
structure was formed at r = 2.0 (Figs. 3, 4 and 8), yet a
correlation of this structural feature to gene expression
efficacy is an issue to be clarified in a future study.

When the transfection efficiency of the 12-48/pDNA
(r = 2.0) micelle is compared to those of other non-viral
gene vectors, the micelle showed a comparable gene
expression with lipoplex (LipofectAMINE™), and
showed a much higher expression than the PLL/pDNA
complexes (PLys-polyplex) as shown in Fig. 11. For
non-viral vector systems such as the lipid and polymer-
based complexes, an excess cationic charge has been
believed to play a substantial role in the enhancement of
the gene expression due to an electrostatic interaction
with the negatively " charged cell surfaces [34-37).
Significant cellular association and appreciable gene
expression efficacy of the PIC micelles having a zeta
potential with a very small absolute value (~5mV)



