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Fig. 4. Characteristics of Bioconjugated Proteins

Bioconjugated proteins with water-soluble polymeric modifiers increase their molecular size and steric hindrance, resulting in augmented plasma half-lives and
stability. The medical implication of this is that PEGylation enables the therapeutic dose and frequency lo be decreased.
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Fig. 5. Relationship between Remaining Activity and Modifi-
cation Rate
A) The activity of bioconjugated SOD is independent of the molecul
welght of polymeric modifier, but is proportiona! to the aumber of chemical
modifications to active sites. PAAm: polyacrylamide, PEG: polyethylene
glycol. B) The loss of activity of bioconjugated IL-6 is affected dy both the
modification rate and the molecular weight of the polymeric modifier.
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Fig. 6. PEGylation of 1L-6 Effectively and Sclectively In-
creases Its Thrombopoictic Potency
Thrombopoietic potency of PEGylated 1L-6 increases more than S00-
fold without compromising the incidence of undesirable side effects such as
pyrexia and the introduction of antibody production.
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Fig. 7. Tissue Distribution of Poly (VP-co-DMMAn); PVD
after i.v. Injection

135L.1abelled PVD was injected into the tail vein of BALB/c mice and tis-
sues were collected over different periods of time post-injection (from 5 mins
to 96 hrs) and the radioactivity ed by y< . Each point
represents the mean +8.D,
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Abstract

To achieve an optimum drug delivery such as targeting or controlled release utilizing bioconjugation with polymeric modifier, the
conjugate between drugs and polymeric modifiers must be designed to show desirable pharmacokinetic characteristics in vivo. In this
study, we assessed the biopharmaceutical propertics of various nonionic water-soluble polymers as polymeric drug carriers.
Polyvinylpyrrolidone (PVP) showed the longest mean resident time (MRT) after i.v. injection of all nonionic polymers with the same
molecular size. In fact, tumor necrosis factor-a (TNF-«) bioconjugated with PVP (PVP-TNF-a) circulated longer than TNF-a
bioconjugated with polyethylene glycol (PEG-TNF-«) with the same molecular size. Each nonionic polymeric modifier showed a
different tissue distribution. Dextran was accumulated in the spleen and liver. Polydimethylacrylamide (PDAAm) tended to
distribute in the kidney. However, PVP showed the minimum volume of tissue distribution. These results suggested that PVP is the
most suitable polymeric modifier for prolonging the circulation lifetime of a drug and localizing the conjugated drug in blood.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In this post-genome era, the focus on life science
research has shifted from genome analyses to genetic
and protein function analyses, and recent advances in
pharmacoproteomics have been drastic. Due to recent
advances in structural genomics, the functions of
numerous proteins will be clarified. Thus, the therapeu-
tic application of bioactive proteins, such as newly
identified proteins and cytokines, has been highly
expected [1-4]. However, most of these proteins are
limited in their clinical application because of unexpect-
edly low therapeutic effects. The reason for this
limitation is that these proteins are immediately decom-
posed by various proteases in vivo, and are rapidly
excreted from the blood circulation. Therefore, frequent
administration at an excessively high dose is required to
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reveal their therapeutic effects in vivo. As a result,
homeostasis is destroyed, and unexpected side effects
occur. Many cancer chemotherapies utilizing anticancer
antibiotics are also limited by such problems. Therefore,
in order to overcome the weak points peculiar to many
proteins, we attempted to perform chemical modifica-
tion (bioconjugation) with water-soluble polymers {5-9].
Bioconjugation with polymeric modifiers improves the
plasma clearance and body distribution, resulting in an
increase of therapeutic effects and a decrease of side
effects. Our results suggest that investigation of the
relationship between degree of modification by polymer,
molecular size, and specific activity on cytokine bio-
conjugation may accomplish an increase of therapeutic
effect and a decrease of side effects. In addition, our
previous study indicates that optimally bioconjugated
drugs can achieve well-balanced tissue transport, re-
ceptor binding, and plasma clearance, resulting in a
selective increase of therapeutic effects.

On the other hand, in order to deliver a bioconjugated
drug to targeted tissue, the conjugate must be designed
to show desirable pharmacokinetic characteristics, such
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as plasma clearance and tissue distribution. It is well
known that the fate and distribution of the conjugates
can be attributed to the physicochemical properties of
polymeric modifiers, such as molecular weight, electric
charge, and hydrophilic-lipophilic balance [10]. The
increase of therapeutic effects of drug bioconjugated
with polymeric modifier is attributed to the pharmaco-
kinetics of bioconjugated drug. Therefore, selecting the
polymeric modifier by considering the influence of
physicochemical characteristics on pharmacokinetics of
polymeric modifier is markedly important. As men-
tioned above, sequential and multiple strategies are
needed for optimization of drug therapy based on
bioconjugation: (i) optimum selection of polymenc
modifier considering the disposition of drugs and
objectives such as targeting or controlled release; (ii)
bioconjugation based on estimation of characterization,
such as molecular size, modification site, degree of
modification, and specific activity; and (iii) assessment
of therapeutic effect and pharmacokinetics of bioconju-
gated drug.

In the present study, we first focused on nonionic
water-soluble polymers and tried to clarify the pharma-
cokinetic properties of various polymeric modifiers,
which could be modified by the physicochemical
property, on mice bearing solid tumors. The polymer
formulations used to evaluate these are PEG, poly-
vinylpyrrolidone (PVP), polyacrylamide (PAAm), poly-
dimethylacrylamide (PDAAm), polyvinyl alcohol
(PVA), and dextran. PVP, PAAm, and PDAAm could
be functionalized by introduction of various comono-
mers on radical polymerization. PVA and dextran have
many primary OH groups that can be used for
bioconjugation on the side chain. Each 125] Jabeled
water-soluble polymer was injected i.v. into tumor-
bearing mice, and plasma clearance in the circulation
and tissue distribution were measured. Moreover, we
assessed the feasibility of polymeric modifiers for drug
delivery based on pharmacokinetic analysis.

2. Materials and methods
2.1. Materials

PEGs (average molecular weight: 12,000, 50,000,
70,000, 500,000), acrylamide and N, N’'-dimethylacryla-
mide, sodium pyrosulfate, chloramine T (sodium p-
toluenesulfonchloramide trihydrate), thyramine hydro-
chloride, N, N'-carbonyldiimidazole, dicyclohexylcarbo-
diimide, N-vinyl-2-pyrrolidone, and N-hydroxy-
succinimide were purchased from Wako Pure Chemical
Industries, Ltd., Osaka, Japan. Methoxypolyethylenc
glycol-succinimidyl succinate (average molecular weight:
5000) and dextran (average molecular weight: 10,400)
were obtzined from Sigma Chemical Co., St. Louis,

MO. PVA (80% hydrolyzed, average molecular weight:
9000-10,000) and 4,4'-azobis-(4-cyanovaleric acid)
(ACVA) were purchased from Aldrich Chemical Com-
pany, Inc., Milwaukee, WI. Gel filtration chromatogra-
phy (GFC) was performed by TSKgel G4000PW and
TSK gel-3000 columns purchased from Tosoh Corpora-
tion, Tokyo, Japan. Econo-Pac® 10 DG columns were
purchased from Bio-rad Laboratories, Hercules CA,
USA. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (water-soluble carbodiimide; WSC) and
B-mercaptopropionic acid (f-MP) were purchased from
Dojindo Laboratories, Kumamoto, Japan. Na'%[
(3.7 GBq/ml) solution and radioiodination system for
lactoperoxidase method was purchased from NEN
Research Products, Boston, MA, USA. All other
chemicals were commercial reagent-grade products.
Natura] human tumor necrosis factor-alpha (TNF-a)
was generously provided by Hayashibara Biological
Laboratories, Okayama, Japan.

2.2. Animals and cells

Male ddY mice (5 weeks old) and female Balb/c mice
(5 weeks old) were obtained from SLC, Hamamatsu,
Japan. Sarcoma-180 (S-180) was provided from Cancer
Cell Repository (CCR), Institute of Development,
Aging and Cancer, Tohoku University. Meth-A cells
were generously provided by Mochida pharmaceutical
Co., Ltd. S-180 cells and Meth-A fibrosarcoma cells
were maintained by intraperitoneal injection of cells
obtained from ascitic fluid in ddY mice and Balb/c mice
respectively.

2.3. Synthesis and purification of water-soluble polymers

PVP was synthesized by the radical polymerization
method using ACVA and §-MP as a radical initiator
and a chain transfer agent, respectively. N-vinylpyrro-
lidone, ACVA, and B-MP were added to dry N,N'-
dimethylformamide (DMF). The reaction was initiated
by incubation at 60°C. After incubation for 6h, PVP
was extracted in diethyl ether. The extracted PVP was
dialyzed by distilled water to remove the nonreacted
monomer, initiator, and chain transfer agent. PAAm
and PDAAm were synthesized in dry methanol. Radical
polymerization, extraction and dialysis were carried out
as for PVP. PVA, dextran, and the water-soluble
polymers synthesized in this study were separated into
fractions by GFC in order to obtain a polymer with a
narrow molecular-weight distribution. In addition, the
number-average molecular weight of each fraction was
calculated by comparison with PEG standards, and the
same fraction of each polymer (number-average mole-
cular weight: 5000, molecular weight dispersity <1.14)
was used.
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2.4. Preparation of '*I-labeled polymers

Radiolabeled polymeric modifiers were prepared by
the chloramine-T method. PEGs (average molecular
weight: 12,000, 50,000, 70,000, 500,000), PVA, and
dextran dissolved in 1,4-dioxan were reacted with N, N’-
carbonyldiimidazole for 6 h at room temperature. After
dialysis in water, the activated polymers were reacted
with a two-fold molar excess of thyramine hydrochlor-
ide for 48 h at 4°C. The reaction mixture was dialyzed in
water and lyophilized. PAAm and PDAAm were
activated with WSC, and reacted with an excessive
amount of thyramine hydrochloride for 24h at 4°C.
PVP dissolved in DMF was activated with dicyclohex-
ylcarbodiimide and N-hydroxysuccinimide, and reacted
with an excessive amount of thyramine hydrochloride
for 24 h at 4°C. Methoxypolyethylene glycol-succinimi-
dyl succinate (average molecular weight: 5000) was also
reacted with an excessive amount of thyramine hydro-
chloride for 24 h at 4°C. These reaction mixtures were
also dialyzed in water and lyophilized. Polymer-thyr-
amine conjugates dissolved in 0.4 M sodium phosphate
buffer (2.5 mg/ml) and Na'**1 (100 mCi/ml) were mixed
in a microcentrifuge tube on ice. The labeling reaction
was started by the addition of 3.8mM chloramine-T.
After iodination, the reaction was stopped by the
addition of 2.5mm sodium pyrosulfate. '*’I-labeled
polymer was purified by GFC on the Econo-Pac® 10
DG column.

2.5. Measurement of plasma clearance and body
distribution of '> I labeled polymer

S-180 cells were implanted intradermally (5 x 10%
200 pY/site) into mice. On day 7, when the length of the
tumors exceeded 7mm, the mice were used for experi-
ments. Mice bearing S-180 solid tumors were intrave-
nously injected with '25I-labeled polymer (1 x 108cpm/
200 p1). After injection, blood was collected from the tail
vein at indicated times and the radioactivity was
measured by a y-counter. By rechromatographic analy-
sis, we found that almost all the plasma '*’I-radio-
activity at 3 h after i.v. injection was derived from intact
1251 labeled polymers, but not free '2°I. To estimate the
tissue distribution, mice were housed in metabolic cages
to collect urine and sacrificed 3h after iv. injection.
Each organ was collected, and the radioactivity was
counted. The tissue distribution was expressed by the
ratio of tissue radioactivity (tissue-cpm/tissue-mg) to
blood radioactivity (blood-cpm/blood-mg). The phar-
macokinetic parameters of each polymer were evaluated
by curve fitting by means of the nonlinear least-squares
program (MULTI) [11). The peripheral distribution
volume (Vd,), the elimination constant from the central
compartment (k.), total clearance (CL,y), and mean
residence time (MRT) were calculated.

2.6. Synthesis of PEG-TNF-a and PVP-TNF-a

Natural human TNF-z in phosphate-buffered saline
was allowed to react with a 60-fold molar excess of
methoxypolyethylene glycol-succinimidyl succinate at
room temperature for 10 min. The reaction was stopped
by the addition of five-fold molar excess of g-amino-n-
caproic acid. PEG-TNF-a was separated into several
fractions by GFC. PVP-TNF-a was also synthesized and
separated in the same way, The number-average
molecular weight of native TNF-«, PEG-TNF-« and
PVP-TNF-¢ was estimated by GFC analysis by com-
parison with protein standards. In order to measure
the elimination profile of PEG-TNF-« and PVP-TNF-¢
in blood, the conjugates with same molecular size
(100,000~110,000) were used.

2.7. Measurement of plasma clearance of PEG-TNF-«
and PVP-TNF-a

Native TNF-a, PEG-TNF-¢ and PVP-TNF-o. were
radiolabeled with '] by the lactoperoxidase method.
The preparation of '**I-labeled PEG-TNF-x was as
described elsewhere [12]. PVP-TNF-x was also '»’I-
labeled in the same way. The biological activities
of Llabeled native TNF-z, '**[-PEG-TNF-z and
125.PVP-TNF-a were indistinguishable from those of
nonradiolabeled native TNF-x, PEG-TNF-a and PVP-
TNF-a, respectively. Meth-A fibrosarcoma cells (4 x 10°
cells/mouse) were implanted intradermally into female
Balb/c mice. On day 7, when the length of the tumors
exceeded 7mm, the pharmacokinetics of native TNF-a,
PEG-TNF-o and PYP-TNF-x were studied. After i.v.
injection, blood was collected from the tail vein at
indicated times and the radioactivity was measured by a
y-counter. We confirmed that '®’l radioactivities in
blood were derived from '%I-labeled native TNF-a, '?°]-
PEG-TNF-a and '#*I-PVP-TNF-a by GFC analysis.

3. Results

3.1. Plasma clearance of PEG with various molecular
weights

We first compared the plasma clearance of PEGs with
various molecular weights (Fig. 1). Elimination profiles
of PEGs from the blood circulation varied to a great
extent with a change of molecular weight. PEGspgy was
most rapidly cleared from the circulation; only about
10% of the injected dose remained 20min after i.v.
administration. PEGy;000 Was retained in the blood
circulation for a longer period than PEGsggg, but 70%
of the injected dose was eliminated after 90min. In
addition, similar elimination profiles were observed for
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Fig. 1. Plasma clearance of PEGs with various molecular weights in
mice bearing S-180 solid tumors afler i.v. injection. Mice were
intravenously injected with '**I-labeled polymer. After administration,
blood was collected from the tail vein at indicated times and the
radioactivity was measured by a y-counter. Mice were used in groups
of five. Each value is mean +SD.

PEGs with molecular weights of more than 50,000.
These polymers circulated in blood for a long time.

3.2. Tissue distribution of PEG with various molecular
weights

Fig. 2 shows the tissue distribution of PEGs with
various molecular weights. The tissue distribution of
PEG was suppressed by increasing the molecular weight.
In particular, PEGspoo00 hardly exhibits a tissue
distribution. Transport to the brain was extremely
restricted for all PEGs. However, a higher polymer
distribution in tumors was observed with a molecular
weight of less than 50,000. Additionally, PEGso600
tended to be inhibited in terms of the distribution to
tumors, and PEGsoo,000 Was completely restricted in its
transport to tumors in the same as in other tissues. Fig. 3
shows urinary recovery of PEGs with various molecular
weights. PEGsop00 and PEGsgo000 were inhibited in
terms of urinary excretion, with only 10% of the injected
dose being excreted.

3.3. Plasma clearance of various water-soluble polymers

We next studied the elimination profile of various
1251 ]abeled polymers with the same molecular size after
i.v. injection in mice bearing S-180 solid tumors.
Pharmacokinetics of '®’I-labeled polymers was not
influenced by the '2’I-labeling method and the pre-
parative method of activated polymers (data not
shown). Additionally, almost all radioactivities in blood
were derived from '*’I-labeled polymers by GFC
analysis 3h after iv. injection (data not shown).
Therefore, it was considered that pharmacokinetics of
125[_labeled polymers was exactly correlative to that
of polymers. Fig. 4 illustrates the plasma clearance of

tumor
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heart @ PEG 50.000
B PE
8 PE
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Fig 2. Tissue distribution of PEGs with various mofecular weights in
mice bearing S-180 solid tumors after i.v. injection. At 3h after i.v.
injection, mice were sacrificed and each organ was collected. The
radioactivily was counted by a y-counter. Tissue distribution was
expressed by the ratio of tissue radioactivity (lissue-cpm/tissue-mg) to
blood radioactivity (blood-cpm/blood-mg). Mice were used in groups
of five. Each value is mean +SD.

60

% of injection

PEG5,000 PEG12,000 PEGS50,000 PEGS00,000

Fig. 3. Urinary excretion of PEGs with various molecular weights in
mice bearing S-180 solid tumors after i.v. injection. Mice were housed
in metabolic cages to collect urine for 3h after i.v. injection. The
radioactivity of urine was measured by a y-counter. Mice were used in
groups of five. Each value is mean$SD.

various polymers. All polymers showed biphasic elim-
ination patterns. PEGspoe and dextran, which are used
frequently as drug carriers, were ¢liminated rapidly from
the blood circulation. PDAAm, which has many methyl
groups on the side chain of polymer, showed plasma
clearance similar to that of PAAm. On the other hand,
PVA and PVP circulated longer than the other poly-
mers, while these nonionic polymers had the same
molecular size as that of PEGsgoe. PVP exhibited the
longest residence of all the polymers in this study, and
25% of the injected dose remained after 180 min.
Table 1| summarizes the pharmacokinetic parameters
of various water-soluble polymers with the same
molecular size, Pharmacokinetic analysis revealed
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definite differences among each polymer with respect to
plasma clearance and tissue distribution. PVP showed
the longest MRT of all polymers examined. The total

1000
3
100 e —e— PEGS,000
g o, | —— W
= —e— PAAmM
3 —0— PDAAmM
£ -—e— PVA
3 10 -~ Dextran
E
o
1 A r
0 60 120 180

Time after injection (min)

Fig. 4. Plasma clearance of various water-soluble polymers in mice
bearing S-180 solid tumors after i.v. injection. Mice were intravenously
injected with '*I-labeled polymer. Afier administration, blood was
collected from the tail vein at indicated times and the radioactivity was
measured by a y-counter. Mice were used in groups of five. Each value
is mean+SD.

clearance of PVP was about nine-fold lower than that of
PEGsgp0. The distribution volume of dextran was the
highest of alt these polymers; its volume was 3.4-fold
that of PVP. PDAAm showed a higher distribution
volume than PAAm. PEG also exhibited a higher
distribution volume.

3.4. Tissue distribution of various water-soluble polymers

We next studied the tissue distribution of polymers 3h
after i.v. injection, Although all polymers with the same
molecular weight dispersity in this study were nonionic
and water-soluble, each polymer showed a characteristic
distribution (Fig. 5). Dextran was accumulated in the
liver and spleen 3h after i.v. injection. However, PEG
and PVP did not exhibit specific tissue accumulation.
PVA, PAAm, and PDAAm showed an increased
tendency for tissue distribution than PVP. PVA and
PAAm also had no specific distribution, but PDAAm
tended to accumulate in the kidney. Fig. 6 shows the
urinary excretion of polymers 3h after i.v. injection.

Table 1
Pharmacokinetic parameters of various water-soluble polymeric modifiers

Vd; (ul) ke (min™") CLyoy (pl/min) MRT (min)
PEGs,000 18454.2+2570.3 0.0681-0.004 3372498 7894124
PEG 2,000 §128.2+1539.3* 0.017+0.005* 51.746.2* 139.5+28.2
PVP $920.1 +193.4 0.01340.003* 367+54% 278.8+58.3
PAAm 16833.1 £3821.7 0.032+0.008 119.2425.3* 166.3+73.6
PDAAm 13873.041208.5 0.0551+0.002 213.11+8.9* 79.7464
PVA 10199.2+91.4 0.010+0.002* 59.348.9* 262.5166.4
Dextran 20034.7 4+ 3841.1 0.064 +0.008 263.8+23.7 97.6+24.4

The pharmacokinetic parameters of each polymer were evaluated by curve fitting by means of the nonlinear least squares program (MULTI).

Mice were used in groups of five. Each value is the mean £ S.E.

Statistical comparisons were made using the Scheffe’s method after analysis of variances (ANOVA).

*P< 0.01, compared to PEG; ooo.
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Fig. 5. Tissue distribution of various water-soluble polymers in mice bearing $-180 solid tumors after i.v. injection. At 3 h afler i.v. injection, mice
were sacrificed and each organ was collected. The radioactivity was counied by a y-counter. Tissue distribution was expressed by the ratio of tissue
radioactivity (tissue-cpmytissue-mg) to blood radioactivity (blood-cpm/blood-mg). Mice were used in groups of five. Each value is mean 4 SD.
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Fig. 6. Urinary excretion of various watcr-soluble polymers in mice
bearing S-180 solid tumors afler i.v. injection. Mice were housed in
metabolic cages to collect urine for 3h after i.v. injection. The
radioactivity of urine was measured by a y-counter. Mice were used in
groups of five, Each value is mean+SD.

Table 2
Pharmacokinetic parameters of bioconjugated TNF-a
fiz (min)  AUC CLiwt ke (x 10°Y

(0-3h) (pl/min)  min)

(cpm h/ul)
Native TNF-z 46422 224444  47.219.6 24.1188
PVP-TNF-x 360.1+45.7 1149154 43405 20402
PEG-TNF-a 12264850 1080185 39403 24402

The pharmacokinetic parameters of native and each bioconjugated
TNF-a were evaluated by curve fitting by means of non-linear least
squares program (MULTI).

Each value is the mean+S.E.

Urinary recoveries of all polymers were about 20-50%
of injected dose. Significant difference was not observed
in all polymers examined.

3.5. Plasma clearance of PEG-TNF-a and PVP-TNF-«

We compared the elimination profiles of native TNF-
#, PEG-TNF-¢ and PVP-TNF-u after i.v. injection
(Table 2). Native TNF-o was rapidly cleared from the
blood. However, PEG-TNF-x and PVP-TNF-a were
retained in the blood for an extremely longer period
than native TNF-a. In particular, PVP-TNF-« showed a
slightly longer circulation lifetime than PEG-TNF-« in
spite of the same molecular size.

4. Discussion

This study was aimed at clarifying the pharmacoki-
netic characteristics of various water-soluble polymers

in order to design a bioconjugated drug and to optimize
drug delivery based on bioconjugation. Additionally, we
estimated the biopharmaceutical disposition of poly-
mers in mice bearing solid tumors in consideration of
cancer therapy. 'Zl-labeled polymers showed the
pharmacokinetics in mice bearing solid tumors to be
the same as in normal mice (data not shown). This
fundamental approach enables us to construct a rational
strategy for bioconjugation not only of cytokines but
also of various drugs, such as peptides and antineo-
plasmic agents.

PEG is a low toxic and low antigenic polymeric
modifier that has been used for bioconjugation fre-
quently. We have reported that chemical modification of
TNF-« with PEG 00 markedly and selectively enhanced
its antitumor potency when compared to native TNF-a
{12]. Additionally, we assessed the relationship among
the molecular weight of PEG attached to TNF-z and the
degree of modification of PEG-modified TNF-a, their
in vivo antitumor potency [13). As a result, we found
that PEGseqo is the most suitable polymeri¢ modifier to
TNF-a. This phenomenon has also been observed in
PEG-modified interleukin-6 {14]. PEG, which was
previously considered to be a polymeric modifier
suitable for prolonging the circulation lifetime of drugs,
was eliminated rapidly from the circulation (Fig. 4,
Table 1). This would be mainly because urinary
excretion and peripheral distribution volume (Vd;) of
PEG were relatively high (Table 1). PEG is a polyether
diol of general structure HO-(CH,CH;0),-H, where
functionalization of PEG is restricted only to the
utilization of terminal primary OH groups [15]. From
this viewpoint, modifiable polymeric modifiers are
needed 1o control the biopharmaceutical characteristics
of conjugated drugs. Therefore, we assessed the phar-
macokinetic profile of various water-soluble polymers
with molecular size of about. 5000, and compared their
pharmacokinetics to PEG soo0.

Dextran was accumulated in the liver and spleen
(Fig. 5). As demonstrated clearly in Fig. 4, dextran is not
appropriate for prolonging the circulation time of drugs.
Polysaccharides are captured by the cells of the
reticloendothelial system (RES), mainly by the liver.
Therefore, it is considered that dextran is rapidly
eliminated from the circulation. PVP, which can be
linked with various comonomers in order to control the
physicochemical properties, had the longest circulation
lifetime (Fig. 4). In addition, its tissue distribution was
extremely restricted (Fig. 5). The fate and distribution of
conjugates between polymeric carriers and drugs can be
influenced by the properties of the polymer. For
example, recently, we showed polyvinyipyrrolidone-
co-dimethyl maleic anhydride [poly(VP-co-DMMAn)]
accumulated in the kidney (about 80% of administered
dose) 24h after intravenous injection. Additionally,
conjugates between = poly(VP-co-DMMAnm) and
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anti-inflammatoric proteins also accumulated in the
kidney and accelerated recovery from acute renal
failure. PVP had the longest circulation time and, its
tissue distribution was extremely restricted. In addition,
it is easy to introduce various comonomers on radical
polymerization to PVP. These results suggest that PVP
is the most feasible polymeric modifier for localizing the
conjugated drugin blood. In fact, PVP-TNF-« showed a
longer plasma half-life than PEG-TNF-¢, and the
plasma half-life of PVP-TNF-a was 90-fold higher than
that of native TNF-a. As a result, PVP-TNF-¢ had a
more potent antitumor effect than PEG-TNF-« (data
not shown). Modification with polymeric modifiers such
as PEG has also been used to stabilize the liposome
in vivo [16] and to control the pharmacokinetics of
nanoparticle carriers [17). Therefore, PVP can be
adopted not only to the bioconjugation of drugs but
also to the steric stabilization of liposomes in vivo and
the surface modification of particle carriers. The
pharmacokinetic properties of polymers was influenced
by various reasons: (1) the interaction of endothelial
cells in tissues; (2) the ratio of glomerular filtration (it
was influenced by the properties of polymer, such as
electric charge, hydrophilic-lipophilic balance, the
ability of binding to plasma proteins, and shape of
polymer in blood). In dextran, we showed that dextran
did not interact with bovine aortic endothelial cell
(BAEC) (unpublished data). However, other researchers
showed that dextran was adsorbed in rat liver parench-
ymal and nonparenchymal cells. Therefore, dextran may
accumulate in the liver. In PEG, PVA and PAAm, we
showed that these polymers did not interact with BAEC.
Therefore, we considered that these polymers had long
circulation time. Whereas the difference of structure was
only addition of dimethyl groups, PDAAm tended to
distribute in the kidney compared with PAAm. I did not
have any data to explain this difference. To clarify this
mechanism, we now examine the ability of PAAm to
bind to endothelial cells in the kidney and renal
proximal epithelial cells. PVP had the longest circulation
time among polymers, and its tissue distribution was
extremely restricted. It was suggested that the ability
of polymer to bind to plasma protein influenced
the pharmacokinctic of polymer. For example, the
poly(styrene-co-maleic anhydride) (SMA) has been
shown to bind to plasma albumin. SMA-conjugated
neocarzinostatin (SMANCS) binds rapidly to plasma
albumin when injected intravenously and showed much
longer plasma half-lives. Therefore, we examined the
ability of PVP to bind albumin. However, PVP did not
bind to albumin. Now, we are examining the ability of
PVP to bind to other plasma protein. Another idea that
can explain the longer half-life of PVP is the difference
of shape in blood due to the local motion of polymer.
We are now examining the polymer chain dynamics in
blood by computational simulation and experiment,

such as the fluorescence depolarization method. On the
other hand, it is well known that the permeability is very
high in tumor tissue. Therefore, we studied the
pharmacokinetics of polymers with various molecular
sizes on the model of PEG. PEGs showed different
circulation lifetimes, tissue distribution, and urinary
excretion with a change of molecular weight (Figs. 1-3).
These results indicate that optimum drug delivery might
be achieved by considering the permeability of each
organ (size barrier).

The modification of proteins and peptides by covalent
attachment of polymeric modifiers can climinate some
drawbacks of native proteins and peptides and improve
their physicochemical, biomedical, and pharmacological
characteristics. These benefits of bioconjugation lead to
the production of many chemically modified drugs, such
as PEG-ADA and SMANCS, and dramatic therapeutic
effects have been reported [18,19]. These approaches
also exhibited that the fate and distribution of the
conjugates were attributed to the physicochemical
properties of polymeric modifiers. In addition, various
polymeric modifiers for bioconjugation have been
developed. However, with the exception of a few
examples, drug therapy based on bioconjugation has
not been applied for clinical use. The reason for this is
that the methodology of bioconjugation has not been
established for many drug therapies using antineoplas-
mic agents or cytokines, which needs strict control
relative to targeting site and therapeutic concentration
pattern. In addition, 2 methodology, for example, based
on optimum selection of polymeric modifiers for specific
characteristics of drugs and for the purpose of biocon-
jugation, as well as a mode of attachment, has not yet
been established. Our fundamental approach will enable
us to establish such a methodology of bioconjugation.

However, our approach to the molecular design of
polymeric modifiers has involved only a few steps. Our
previous study showed that nonionic polymers did not
interact with endothelial cells, but the increase of
interaction between polymers and endothelial cells is
parallel to the amount of charge or hydrophobic groups
(unpublished data). Therefore, we must investigate the
relation between several biological factors, such as
endothelial cells or plasma proteins and the physico-
chemical disposition, which is typified by the charge or
the hydrophilic-hydrophobic balance in order to resolve
the biopharmaceutical characteristics of polymeric
modifiers. This approach may facilitate the optimum
molecular design of polymeric modifiers in a drug
delivery system.

5. Conclusion

PVP had the longest circulation lifetime among vari-
ous polymers and its tissue distribution was extremely
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restricted. PVYP-TNF-« showed longer plasma half-life
than PEG-TNF-«, and the plasma half-life of PVP-
TNF-«¢ was 90-fold higher than that of native TNF-a.
These results suggest that PVP is the most suitable
polymeric modifier for prolonging the circulation life-
time of a drug and localizing the conjugated drug in
blood.
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Abstract Peroxisome proliferator-activated receptor y(PPARY)
plays a central role in adipocyte differentiation and Insulin sen-
sitivity. Although PPARY also appears to regulate diverse cel-
lular processes in other cell types such as lymphocytes, the de-
tailed mechanisms remain unclear. In this study, we established
2 lentivirus-mediated short hairpin RNA expression system and
identified 2 potent short hairpin RNA which suppresses PPARYy
expression, resulting in marked inhibition of preadipocyte-to-
adipocyte differentiation in 3T3-L1 cells. OQur PPARy-knock-
down method will serve to clarify the PPARYy pathway in var-
ious cell types in vivo and in vitro, and will facilitate the devel-
opment of therapeutic applications for a variety of diseases.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Key words: Peroxisome proliferator-activated receptor v;
RNA interference; Short hairpin RNA; Lentiviral vector;
Adipocyte

1. Introduction

The peroxisome proliferator-activated receptor (PPAR)
family was discovered as an orphan nuclear receptor, and
three different subtypes were subsequently identified, namely
PPARa, PPARSPB and PPARY. PPARy is abundantly ex-
pressed in adipose tissue and plays a key role in adipocyte
differentiation and insulin sensitivity (1]. Recently, our group
and other researchers reported that PPARY is also an attrac-
tive therapeutic target as it can play an important role in
immune responses, especially in transcriptional regulation of
inflammatory responses [2-5].

The biological role of PPARY had been widely investigated
by using PPARy-deficient mice generated by targeted disrup-

*Corresponding author. Fax: (81)-6-6879 2914.
E-mail address: kwadutident.osaka-u.acjp (K. Wada).

Abbreviations: LV, lentiviral vector; shRNA, short hairpin RNA;
MOI, multiplicity of infection; PPAR, peroxisome proliferator-acti-
vated receptor; GPDH, glycerol-3-phosphate dehydrogenase; BRL,
rosiglitazone (BRL-49653)

tion of the PPARY gene. Since homozygous PPARy-deficient
mice (PPARY™/~) are embryonic lethal due to placental dys-
function (1}, heterozygous mice (PPARY*/™) have been used
to investigate the role of PPARY in vivo experiments. How-
ever, PPARY*/~ mice seem to be of limited use in some ex-
periments, because PPARY also appears to regulate diverse
cellular processes in cells that show lower levels of PPARY
expression in comparison to adipose tissue {6,7].

RNA interference (RNAI) is a powerful technique for se-
lectively silencing the expression of genes. Recent work has
provided a system for the stable expression of short interfering
RNA (siRNA) in mammalian cells, which is generally based
on the expression of short hairpin RNA (shRNA) under the
control of the RNA polymerase III promoter [8-11]. The tech-
nique has allowed for the development of a2 new approach for
achieving targeted gene silencing of disease-associated genes in
animal models as well as in cultured cells.

Lentiviral vectors (LVs) are a promising tool for exogenous
gene transfer among gene transfer vehicles, because LVs have
the advantages of infecting non-dividing cells and being stably
integrated into the host genome resulting in long-term expres-
sion of transgene [12-16]. Furthermore, recent reports have
demonstrated that virus-mediated RNAi could provide long-
term silencing in mammalian cells {9,17.18]. In the present
study, we attempted to develop a technique for suppressing
the expression of PPARY in vivo and in vitro. We established
a lentivirus-mediated shRNA expression system and identified
a potent shRNA target sequence in the coding region of
PPARY mRNA. This approach has enabled us to clarify a
novel role of PPARY.

2. Materiaks and methods

2.1. Vector construction

Vectors were constructed using standard cloning procedures. Hl-
RNA promoter was amplified from human genomic DNA (Clontech,
Palo Alto, CA, USA) using the following primers: 5’-CCATG-
GAATTCGAACGCTGACGTC-3 and $'-GCAAGCTTAGATCT-
GTGGTCTCATACAGAACTTATAAGATTCCC-3'. The amplified
polymerase chain reaction (PCR) product was inserted into the
EcoR1-Bglll site of pHMS (19], generating pHMS-H1. pHMS-HI
was designed to express ShRNA upon the insertion of an appropriate
sequence into the Bglll/Xbal site (Fig. 1A). Oligonucleotides encoding

0014-5793/04/$30.00 © 2004 Federation of European Biochemical Socicties. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Vector construction. A: pHMS-H1 was constructed as de-
scribed in Scction 2. Oligonucleotides encoding both strands of the
targeting sequence, a spacer sequence which provided a loop struc-
ture and a transcriptional termination signal T5 were anncaled and
inserted into Bg/lU/Xbal sites in pHMS-H1. B: Schematic represen-
tation of self-inactivating (SIN) LV plasmid (CS-H1-shRNA-EG).
CMV: cytomegalovirus promoter, ‘¥: packaging signal, RRE: rev
responsive element, cPPT: central polypurine tract, H1: human HI
promoter, EF-1a: human elongation factor la subunit genc pro-
moter, EGFP: enhanced green fluorescent protein, WPRE: wood-
chuck hepatitis virus posttranscriptional regulatory element. A: de-
leting 133 bp in the U3 region of the 3’ long terminal repeat.

both strands of the targeting sequence were annealed and inserted into
Bgll/Xbal sites of pHMS-HI (Fig. 1A and Table t). The sequence
was verified on a DNA sequencer (ABI Prism 310, Applied Biosys-
tems) and the cassette containing the H1 promoter plus the shRNA
was transferred to a self-inactivating (SIN) LV construct, generating
CS-H1-shRNA-EG (Fig. 1B).

2.2. Preparation of LV expressing ShRNA (LV-shRNA)

LVs pseudotyped with vesicular stomatitis virus G glycoprotein
(VSV-G) were prepared according to a previously described method
{15.20,21]. Briefly, 293T cells were transfected with four plasmids:
packaging construct (pMDLg/pRRE), VSV-G-expressing construct
(pMD.G), Rev-cxpressing construct (pRSV-Rev), and SIN vector
construct (CS-H1-shRNA-EG). Vector supernatant was concentrated
by ultracentrifugation, and the pellet was resuspended in Hanks’ bal-
anced salt solution. Vector titers, which can be detected by enhanced
green fluorescent protein (EGFP) expression under the control of a
human elongation factor la subunit gene promoter, were determined
by infection of HeLa P4 cells with serial dilutions of the vector stocks,
followed by fluorescence-activated cell sorter (FACS) analysis for
EGFP-positive cells.

2.3, Cell culture and infection of LV-shRNA

3T3-L1 preadipocytes were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. The 3T3-L1 cells
were infected with viral stocks at a multiplicity of infection (MOI) of
50 or 200, followed by FACS analysis for EGFP expression. Trans-
duction efficiencies were 66.57% £ 1.44 at 50 MOI and 91.64%+1.07
at 200 MOJ, expressed as S.E.M. The transduced 3T3-L1 cells were
grown and then used in subsequent experiments.

2.4. Differentiation protocol

Induction of adipocyte differentiation was performed essentially as
described [22). Two days after confluence (day 0), the medium was
replaced with differentiation medium containing rosiglitazone (BRL,
1 pM), insulin (INS, 150 nM), dexamethasone (DEX, | pM) and 3-
isobutyl-1-methylxanthine (IBMX, 100 uM), which was changed every
3 days thereafier until analysis.

2.5. Measurement of adipocyte differentiation

Differentiation of 3T3-L1 preadipocytes to adipocytes was moni-
tored by measurement of intraceltular lipid accumulation using Oil
red O staining and glycerol-3-phosphate dehydrogenase (GPDH) ac-
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tivity on day 9. Cultured cells were fixed for 2 h with 10% formalin in
isotonic phosphate buffer and then washed with distilled water. The
cells were then stained by complete immersion in a working solution
(0.3%) of Oil red O for 4 h. Excess dye was removed by exhaustive
washing with water. The GPDH activity was measured using a GPDH
assay kit (Hokudo, Hokkaido, Japan).

2.6. RNA isolation and reverse transcription {RT) PCR analysis
Total RNA was extracted from the 3T3-L1 cells infected with each
kind of LV-shRNA using Tri-Reagent (Sigma). First-strand cDNA
was generated from | pg of RNA by using oligo(dTiz-1s) primer
(Invitrogen) and SuperScript 111 RNase H Reverse Transcriptase (In-
vitrogen) according to the manufacturer’s protocol. The reverse tran-
scription reaction mix was amplified with the following pair of oligo-
nucleotides specific for murine PPARx, PPAR3, PPARY2 and
glyceraldehyde-3-phosphate dchydrogenase (GAPDH): PPARa, 5’-
CGACAAGTGTGATCGGAGCTGCAAG-3’ and 5'-GTTGAAGT-
TCYTTCAGGTAGGCTTC-3’; PPARS, S“-GGCCAACGGCAGTG-
GCTITCGTC-3' and 5-GGCTGCGGCCTTAGTACATGTCCT-3';
PPARY2, 5'-GCTGTTATGGGTGAAACTCTG-3' and 5-ATAA-
GGTGGAGATGCAGGTTC-Y’; GAPDH, 5'-GCTCACTGGCAT-
GGCCTTC-3' and 5'-ACCACCCTGTTGCTGTAGC-3" [23]. The
sample was amplified in the linear phase, optimized for each gene
(PPARo: 38 cycles; PPARS: 30 cycles; PPARY2: 36 cycles;
GAPDH: 23 cycles). All PCR products were electrophoresed on 2%
agarose gel using 0.5 X Tris-borate-EDTA buffer and visualized using
ethidium bromide. The gel image was captured by a digital camera,
and densitometric analysis was performed using NIH Image software.

2.7. Western blot analysis

Cultured cells were homogenized in Tris-HC) buffer containing a
cocktail of protease inhibitors and insoluble materials were then re-
moved by centrifugation at 4°C. The solubilized lysates were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions at a concentration of 5 ug protein of sample per
lane. Detection of PPARa, PPARS, PPARY and GAPDH was respec-
tively performed with anti-PPARa polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-PPARS polyclonal anti-
body (Santa Cruz Biotechnology), anti-PPARY monoclonal antibody
(Santa Cruz Biotechnology) and anti-GAPDH polyclonal antibody
(Trevigen, Gaithersburg, MD, USA) according to a previously de-
scribed method {4). The band intensity was quantified using NTH
Image software.

2.8. Statistical analysis

All results are expressed as mean+S.E.M. Statistical comparisons
were made with Student’s ¢-test or Scheffé’s method after analysis of
variances. The results were considered significanty different at
P<0.05.

Table 1
LV vectors used in this study
LV vector shRNA target  shRNA target sequence
gene
LV-shRNA-P11 PPARyl and 2 CAGCTCTACAACAGGCCTC
LV-shRNA-P12 PPARyl and 2 ATGGCCATTGAGTGCCGAG
LV-shRNA-P13 PPARYl and 2  TAAATGTCAGTACTGTCGG
LV-shRNA-P14 PPARyl and 2 TTGGCGGAGATCTCCAGTG
LV-shRNA-PIS PPARYl and 2  GTCTGCTGATCTGCGAGCC
LV-shRNA-P16 PPARYl and 2 TCACCATTTGTCATCTACG
LV-shRNA-P17 PPARY! and 2  GYTTGAGTTTGCTGTGAAG
LV-shRNA-P18 PPARyt and 2 ATGAGCCTTCACCCCCTGC
LV-shRNA-P19 PPARyl and 2 GATCTGCGAGCCCTGGCAA
LV-shRNA-P21{ PPARY2 ACTCTGGGAGATTCTCCTG
LV-shRNA-P22 PPARY2 CCTTCGCTGATGCACTGCC
LV-shRNA-Lu Luciferase ACGCTGAGTACTTCGAAAT
LV-shRNA-Scramble No target gene  GCGCGCTTTGTAGGATTCG
LV-EG - -

LV-EG has no shRNA-cxpressing cassette. All vectors carry an
EGFP-expressing cassette as a8 marker gene so that the cells trans-
duced with LV-shRNAs can be identified by green fluorescence.
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3. Results and discussion

To develop an effective PPARy-knockdown method, we
constructed an LV-based siRNA system in which shRNA
encoding both strands of the targeting sequence is expressed
under the control of human H1 promoter ('4|. A human HI
promoter was cloned to generate pHM35-HI1, and oligonucleo-
tide encoding shRNA against PPARy mRNA was inserted
(V12 1\). Subsequently, the cassette containing the H1 pro-
moter plus the shRNA was transferred to the SIN LV con-
struct (F 12 |1). Using a shRNA target sequence against fire-
fly luciferase, we previously demonstrated that our LV-based
siRNA system effectively suppressed the target gene in mam-
malian cells (data not shown).

PPARYyexists as two isoforms, termed PPARY] and PPARY2,
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Fig. 2. Alteration of PPAR family mRNA levels in 3T3-L1 cells
transduced with LV-shRNAs. A: 3T3-L1 preadipocytes were in-
fected with each LV-shRNA (200 MOI) and then subjected to the
differentiation protocol. Two days after the induction of adipocyte
differentiation, mRNA levels of PPARy2, PPARc, PPARS, and
GAPDH were determined by RT-PCR analysis. Results are repre-
sentative gel images. B: Densitometric quantitation for PPARY and
GAPDH from three to four independent experiments. Each PPARYy
value was normalized to the values for GAPDH and expressed as
fold induction over the basal level detected in 3T3-L1 preadipocytes
(bars, S.E.M.). *P<0.01 for LV-shRNA-P15 and -P17 compared
with LV-shRNA-Lu, LV-shRNA-Scramble or LV-EG.
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Fig. 3. Effect of LV-shRNAs on adipocyte differentiation. A: Differ-
entiation of 3T3-L1 preadipocytes (infected with LV-shRNA; 200
MOI) to adipocytes was monitored by measurement of intracellular
lipid accumulation using Oil red O staining on day 9. B: GPDH ac-
tivity was measured on day 9. Data were expressed as percentage of
the GPDH activity of 3T3-L1 cells which were infected with LV-
shRNA-Scramble (200 MOI). a: LV-shRNA-P11; b: LV-shRNA-
P12; c: LV-shRNA-P13; d: LV-shRNA-P14; e: LV-shRNA-P15; f:
LV-shRNA-P16; g: LV-shRNA-P17; h: LV-shRNA-PI8; i: LV-
shRNA-P19; j: LV-shRNA-P21; k: LV-shRNA-P22; I: LV-EG; m:
LV-shRNA-Lu; n: LV-shRNA-Scramble. Similar results were ob-
tained in two independent experiments.

which are produced by a combination of different promoters
and alternative splicing. PPARY2 has an N-terminal extension
of 30 amino acids and is very highly expressed in adipocytes

14|, We selected 11 target sequences in the coding region
of PPARYmRNA and constructed LV-shRNAs against PPARy
(1 .hle ). In the present study, LV-shRNA-Lu, LV-shRNA-
Scramble and LV-EG were used as controls.

To find the most effective shRNA target sequence against
PPARY, we analyzed the silencing of PPARY in 3T3-L1 cells
during preadipocyte-to-adipocyte differentiation in which
PPARY is known to be a master regulator of adipogenesis

- . The expression of PPARY increases during the differ-
entiation process and activation of PPARy protein by its li-
gand leads to adipogenesis through the activation of the adi-
pogenic gene cascade. The 3T3-L1 preadipocytes transduced
with each of the LV-shRNAs, i.e. 3T3-L1 cells expressing
shRINAs, as listed in | , were exposed to differentiation
medium (DM) 2 days after confluence (day 0). Initially, silenc-
ing of PPARY expression was examined by RT-PCR after 2
days of culture in DM (! ). Although 3T3-L1 cells trans-
duced with LV-shRNA-Lu. -Scramble and LV-EG showed
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significant increases in the levels of PPARY mRNA, 3T3-L1
cells transduced with LV-shRNA-P15 and -P17 retained low
levels of PPARY mRNA comparable to the level in preadipo-
cytes maintained in normal culture medium. In contrast, the
expression levels of GAPDH, PPARa and PPARS were not
altered by LV-shRNA-P15 or -P17. The other LV-shRNAs
against PPARY caused moderate decreases in the levels of
PPARY mRNA.

The differentiation of 3T3-L1 preadipocytes to adipocytes
can be monitored by measurement of intracellular lipid accu-
mulation and GPDH (an important enzyme in triglyceride
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Fig. 4. Alteration of PPAR family protein levels in 3T3.L! cells
transduced with LV-shRNAs (200 MO}). A: Four days after the in-
duction of adipocyte differentiation, the whole cell extract was ana-
lyzed by Western blotting with antibodies against PPARY, PPARa,
PPARS and GAPDH. Results are representative of three individual
experiments. B: Densitometric quantitation for PPARyY and
GAPDH from three individual experiments. Each PPARY value was
normalized to the values for GAPDH and expressed as fold induc-
tion over the basal level detected in 3T3-L1 preadipocytes (bars,
S.EM.). **P<0.01 for LV-shRNA-P13, -P15 and -P17 compared
with LV-shRNA-Scramble or LV-EG. *P<0.05 for LV-shRNA-
P13 compared with LV-EG.
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synthesis) activity [28 30]. Intracellular lipid accumulation
was dramatically reduced in the LV-shRNA-P15- and -P17-
infected 3T3-L1 cells as shown by Oil red O staining (Fig. 3A,
e: LV-shRNA-P15; g: LV-shRNA-P17). GPDH activity also
demonstrated that LV-shRNA-P15 and LV-shRNA-P17 ex-
press a potent shRNA which suppresses PPARY mRNA ex-
pression, resulting in marked inhibition of preadipocyte-to-
adipocyte differentiation (Fig. 3B). We also confirmed that
the expression of PPARY-inducible genes, such as uncoupling
protein-1 and adipocyte fatty acid binding protein, were in-
hibited in 3T3-L1 cells transduced with LV-shRNA-P15 and
LV-shRNA-P17 in the presence of the PPARy-specific ligand,
BRL (unpublished data).

A recent study demonstrated that if the degree of comple-
mentarity to its target is reduced, iRNA can function as
microRNAs which affect translational suppression without
cleavage [31]. An important objective of this study was to
determine whether the silencing effect of PPARY caused by
these LV-shRNAs was specific for PPARY. In fact, several
shRNA target sequences used in this study partially corre-
spond to PPARa or PPARS. Western blotting analysis dem-
onstrated that PPARYy protein levels were significantly de-
creased in the LV-shRNA-P15- and LV-shRNA-P17-infected
3T3-L1 cells, while LV-shRNAs did not alter the amount of
PPARa, PPARS or GAPDH protein (Fig. 4). These results
were consistent with the result from RT-PCR analysis
(Fig. 2).

Furthermore, we examined 3T3-L1 cells exposed to either
LV-shRNA-Scramble, -P15 or -P17 by fluorescent microscopy
for EGFP expression to identify cells not infected with those
vectors, i.e. the 3T3-L1 cells not expressing the shRNA en-
coded by LV-shRNA-P15 or -P17 (Fig. 5). In the case of LV-
shRNA-Scramble, which expresses control shRNA, the differ-
entiation of preadipocytes to adipocytes was not affected by
infection with LV. In contrast, all of the cells infected with
LV-shRNA-P15 or -P17 retained their fibroblast-like mor-
phology. Taken together, these results indicate that our LV-
shRNA-based PPARy-knockdown method resulted in de-
creased PPARY expression and specific inhibition of the PPARy
pathway, even in the case of adipocyte differentiation in which
PPARY expression is strongly induced by DM and PPARYy
protein is effectively activated by the PPARY-specific ligand
used in this study, BRL.

Accessibility of the siRNA might depend on the secondary
structure of the target mRNA. However, a clear correlation
between either secondary structure or GC content and effec-
tiveness of target sites has not yet been recognized. Although
we designed 11 different shRNAs against PPARY, we have not
found any correlation between several factors that have been
implicated in the accessibility of transcriptional/translational
regulatory elements and effectiveness of target sites of shRNA
until now.

In the present study, we developed a promising tool for
suppressing the expression of PPARY. Our PPARy-knock-
down method will serve to clarify the role of the PPARY
pathway in various cell types in vivo and in vitro, and will
facilitate the development of therapeutic applications for a
variety of diseases.
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LV-shRNA-Scramble

Fig. 5. Identification of the 3T3-LI cells transduced with LV-shRNA. Brightfield and fluorescent microscopy images collected from the same
field. The LV-shRNA-infected cells, which expressed EGFP, were detected as green fluorescence (upper panels) and morphologically identified
mature adipocyte with a voluminous spherical shape and a large accumulation of intracytoplasmic lipid vesicles (lower panels). Bars represent

100 pm.

References

[1] Kubota, N. et al. (1999) Mol. Cell 4, 597-609.
[2] Su, C.G. et al. (1999) J. Clin. Invest. 104, 383-389.
[3] Desreumaux, P. et al. (2001) J. Exp. Med. 193, 827-838.
[4] Nakajima, A. et al. (2001) Gastroenterology 120, 460-469.
[5] Katayama, K. et al. (2003) Gastroenterology 124, 1315-1324.
[6] Schlezinger, 1.J., Jensen, B.A., Mann, K.K., Ryu, HY. and
Sherr, D.H. (2002) J. Immunol. 169, 6831-6841.
[7] Wang, Y.L., Frauwirth, K.A., Rangwala, S.M., Lazar, M.A. and
Thompson, C.B. (2002) J. Biol. Chem. 277, 31781-31788.
[8] Brummelkamp, T.R., Bernards, R. and Agami, R. (2002) Science
296, 550-553.
[9] Abbas-Terki, T., Blanco-Bose, W., Deglon, N., Pralong, W. and
Aebischer, P. (2002) Hum. Gene Ther. 13, 2197-2201.
[10] Hasuwa, H., Kaseda, K., Einarsdottir, T. and Okabe, M. (2002)
FEBS Lett. 532, 227-230.
[11] Kunath, T., Gish, G., Lickert, H., Jones, N., Pawson, T. and
Rossant, J. (2003) Nat. Biotechnol. 21, 559-561.
[12] Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage,
F.H., Verma, [.M. and Trono, D. (1996) Science 272, 263-267.
[13] Kafri, T., Blomer, U., Peterson, D.A., Gage, F.H. and Verma,
I.M. (1997) Nat. Genet. 17, 314-317.
[14] Takahashi, M., Miyoshi, H., Verma, .M. and Gage, F.H. (1999)
J. Virol. 73, 7812-7816.
[15] Miyoshi, H., Smith, K.A., Mosier, D.E., Verma, I.M. and Tor-
bett, B.E. (1999) Science 283, 682-686.
[16] Pfeifer, A., Kessler, T., Yang, M., Baranov, E., Kootstra, N,
Cheresh, D.A., Hoffman, R.M. and Verma, .M. (2001) Mol.
Ther. 3, 319-322.

[17] Brummelkamp, T.R., Bernards, R. and Agami, R. (2002) Cancer
Cell 2, 243-247.

[18] van de Wetering, M. et al. (2003) EMBO Rep. 4, 609-615.

[19] Mizuguchi, H. and Kay, M.A. (1999) Hum. Gene Ther. 10,
2013-2017.

[20] Tahara-Hanaoka, S., Sudo, K., Ema, H., Miyoshi, H. and Na-
kauchi, H. (2002) Exp. Hematol. 30, 11-17.

[21] Miyoshi, H., Blomer, U., Takahashi, M., Gage, F.H. and Verma,
[.M. (1998) J. Virol. 72, 8150-8157.

[22} Tontonoz, P., Hu, E., Graves, R.A., Budavari, A.l. and Spiegel-
man, B.M. (1994) Genes Dev. 8, 1224-1234.

[23] Gimble, J.M., Robinson, C.E., Wu, X., Kelly, K.A., Rodriguez,
B.R., Kliewer, S.A., Lehmann, J.M. and Morris, D.C. (1996)
Mol. Pharmacol. 50, 1087-1094. )

[24] Baer, M., Nilsen, T.W_, Costigan, C. and Altman, S. (1990) Nu-
cleic Acids Res. 18, 97-103.

[25] Chawla, A., Schwarz, E.J.,, Dimaculangan, D.D. and Lazar,
M.A. (1994) Endocrinology 135, 798-800.

[26] Kliewer, S.A., Forman, B.M., Blumberg, B., Ong, E.S., Borg-
meyer, U., Mangelsdorf, D.J., Umesono, K. and Evans, R.M.
(1994) Proc. Natl. Acad. Sci. USA 91, 7355-7359.

[27] Tontonoz, P., Hu, E. and Spiegelman, B.M. (1994) Cell 79, 1147-
1136,

[28] Ramirez-Zacarias, J.L., Castro-Munozledo, F. and Kuri-Har-
cuch, W. (1992) Histochemistry 97, 493-497.

[29] Green, H. and Kehinde, O. (1975) Celi 5, 19-27.

[30] Wise, L.S. and Green, H. (1979) J. Biol. Chem. 254, 273-275.

{31] Doench, J.G., Petersen, C.P. and Sharp, P.A. (2003) Genes Dev.
17, 438-442.



