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ABSTRACT

Silencing gene expression by siRNAs is rapidly
becoming a powerful tool for the genetic analysis
of mammalian cells. However, the rapid degradation
of siRNA and the limited duration of its action call for
an efficient delivery technology. Accordingly, we
describe here that Atelocollagen complexed with
siRNAisresistantto nucleases and is efficiently trans-
duced into cells, thereby allowing long-term gene
silencing. Site-specific in vivo administration of an
anti-luciferase siRNA/Atelocollagen complex
reduced luciferase expression in a xenografted
tumor, Furthermaore, Atelocollagen-mediated transfer
of siRNA in vivo showed efficient inhibition of tumor
growth in an orthotopic xenograft model of a human
non-seminomatous germ cell tumor. Thus, for clinical
applications of siRNA, an Atelocollagen-based non-
viral delivery method could be a reliable approach to
achieve maximal function of siRNA in vivo.

INTRODUCTION

RNA interference (RNAI) as a protecting mechanism against
invasion of foreign genes was first described in Caenorhab-
ditis elegans (1) and has subsequently been demonstrated in
diverse eukaryotes, such as insects, plants, fungi and verteb-
rates (2). In many eukaryotes, expression of nuclear-encoded
mRNA can be strongly inhibited by the presence of a double-
stranded RNA (dsRNA) corresponding to exon sequences in
the mRNA, RNAI can be exploited in cultured mammalian
cells by introducing shorter, synthetic duplex RNAs (~20 nt)
through liposome transfection (3—3) and a peptide-based deliv-
ery (6). In mammalian cells, siIRNAs have become a new and
powerful alternative to other genetic knockdown methods for
the analysis of loss-of-function phenotypes. In theory, the
technique is simple and elegant. In practice, however, limited

stability in vivo and the absence of a reliable delivery method
hamper the utility of siRNA for therapeutic application.
Reports have shown that liposomes (7.8), adenovirus (9),
adeno-associated viral vectors (10) and lentivirus (11) can
be considered as useful delivery systems. A virus vector-
based siRNA delivery overcomes the problem of poor trans-
fection efficiency of plasmid-based systems. However, viral
vectors have several limitations when they are used in vivo,

Atelocollagen is a highly purified pepsin-treated type I col-
lagen from calf dermis. Collagen is a fibrous protein in the
connective tissue that plays an important role in the
maintenance of the morphology of tissues and organs. A
collagen molecule has an amino acid sequence called as
telopeptide at both N- and C-terminals, which confers most
of the collagen’s antigenicity. Atelocollagen obtained by
pepsin treatment is low in immunogenicity because it is
free from telopeptides (12), and it is used clinically for a
wide range of purposes, including wound-healing, vessel
prosthesis and also as a bone cartilage substitute and hemo-
static agent (13). We have demonstrated previously that
Atelocollagen complexed with DNA molecules was efficiently
transduced into mammalian cells (14) and allowed long-term
gene expression (15). Since Atelocollagen allows increased
cellular uptake, nuclease resistance and prolonged release of
genes and oligonucleotides (13), an Atelocollagen complex is
applicable for an efficient delivery of siRNA in vitro. Further-
more, Atelocollagen displays low-toxicity and low-immuno-
genicity when it is transplanted /n vivo (13,16). Thus, our gene
delivery method using an Atelocollagen implant should
permit safe and efficient siRNA-mediated gene silencing in
therapeutic applications.

MATERIALS AND METHODS
Atelocollagen

Atelocollagen is a highly purified type I collagen of calf der-
mis with pepsin treatment {(Koken Co., Ltd, Tokyo, Japan).

*To whom correspondence should be addressed. Tel: +81 3 3542 2511: Fax: +81 3 3541 2685; Email: tochiya@nce.go.jp
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siRNA preparation

Synthetic 21-nt RNAs were purchased from Dharmacon
(Lafayette, CO) in deprotected, desalted and annealed form.
The sequence of our prepared human fibroblast growth factor
(FGF)-4 (HST-1/FGF-4) siRNA was 5'-CGAUGAGUGCAC-
GUUCAAGATAT-3; 3'-dTATGCUACUCACGUGCAAGU-
UC-5'. Non-specific control siRNA duplex (VIII), luciferase
GL3 siRNA duplex and luciferase GL2 siRNA were also
purchased from Dharmacon, and were used as controls.

Formation of siRNA/Atelocollagen complex

The siRNAs and Atelocollagen complexes were prepared as
follows. An equal volume of Atelocollagen (in PBS at pH 7.4)
and siRNAs solution was combined and mixed by rotation at
4°C for 20 min. The complex was then kept at 4°C for 16 h
before use. The final concentration of Atelocollagen in vitro
and in vivo was 0.008 and 0.5%, respectively.

Stability of siRNA/Atelocollagen complex

An aliquot of 0.9 pg of siRNAs (luciferase GL3 duplex) and
0.5% Atelocollagen or cationic liposome (jetSI; Polyplus-
transfection SAS, Illkirch Cedex, France) complexes were
incubated in the presence of 0.1 pg/ul RNase A (NipponGene,
Tokyo, Japan) for 0, 5, 15, 30, 45 and 60 min at 37°C. The
solutions were extracted with phenol and phenol/chloroform/
isoamyl alcohol (25:24:1). The siRNAs were precipitated with
ethanol and agarose gel electrophoresed (3.5%) and visnalized
by ethidium bromide staining.

Cell lines

NECS cells (American Type Culture Collection, Rockville,
MD) derived from human testicular tumor were maintained
in DMEM with 10% heat-inactivated FBS at 37°C in a humidi-
fied atmosphere of 5% COa. Increased expression of the HST-
HFGF-4 gene in this cell line has been reported previously
(17). B16-F10 melanoma cells continuously express luciferase
(B16-F10-luc-G5; Xenogen Corp., Alameda, CA) and were
maintained in DMEM with 109 heat-inactivated FBS at 37°C
in a humidified atmosphere of 5% CO..

Atelocollagen or liposome-mediated siRNA transfer

The siRNA/Atelocollagen (0.008%) complexes were prefixed
to a 24-well plate (0.1-1.4 pg siRNA/SO pl/well) according
to the method described previously (14). The cultured cells
were plated into the complex-prefixed 24-well plate at 3.5 x 10%
cells/well and the effects of siRNA transfer were
thent observed. The cationic liposome-mediated transfer of
siRNA was performed as described by the manufacturer.

Inhibition of cell growth

For monitoring the inhibition of cell growth, the TetraColor
One cell proliferation assay reagent (Seikagaku Co., Tokyo,
Japan) was used according to the recommended method. The
color reaction was assessed by measuring the absorbance at
450 nm with an UVmicroplate reader.

Biochemical analysis

Proteinlevels of human HST-1/FGF-4 in the culture supernatant
and tumors were determined by using enzyme-linked
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immunosorbent assay (ELISA) using anti-human FGF-4 mono-
clonal antibody (R&D Systems, Minneapolis, MN). Absor-
bance was measured at a wavelength of 492 nm with a
kinetic microplate reader (model 3550; Biorad, Richmond, CA).

Luciferase assays

For luciferase-based reporter gene assays, 24 g pGL3 control
vector (Promega, Madison, WI) was introduced into HEK
293 cells at 90% confluency in 10 cm dishes using Lipofec-
tAMINE™ 2000 reagent (Invitrogen, Carlsbad, CA) in accor-
dance with the manufacturer’s instructions. After transfection
for 4 h, the cells were collected by trypsinization and plated in
the 24-well dishes for siIRNA transfection. Atelocollagen-
mediated or conventicnal transfection of siRNAs into 293
cells was performed as detailed above. Cells were lysed
(n = 4) on day 2 and analyzed for luciferase activity
(Bright™-Glo Luciferase Assay System; Promega). Inhibition
of luciferase production was normalized to the level of vehi-
cle-treated cells. GL2 siRNA was used as control.

Analysis of siRNA delivery using in vivo imaging

B16-F10-luc-G35 cells were subcutaneously injected (1 x 10°
cells persite) into athymic nude mice. Two days later, luciferase
GL3 siRNA alone, siRNA mixed with liposome, siRNA com-
plexed with Atelocollagen and Atelocollagen alone were
injected into the tumors. For preparing the siRNA/Atelocolla-
gen complex, an equal volume of Atelocollagen (1.0% inPBS at
pH 7.4) and siRNA solution was combined and mixed by rotat-
ing for 20 min at 4°C. The siRNAs and their complexes were
directly injected into the tumor (2.5 pg siRNA/50 pl/50 mm?
tumor). The final concentration of Atelocollagen was 0.5%. The
siRNA concentration used in the liposome experiments was
2.5 pgftumor equivalent to that used in the Atelocollagen
experiments. Each group contains four animals. In vive bicima-
ging was conducted on a cryogenically cooled IVIS system
(Xenogen Corp.) using LivingImage acquisition and analysis
software (18). Tumor growth was not affected by these treat-
ments. As a control for GL3 siRNA, GL2 siRNA was used.

Reporter gene labeling of tumor cells

NECS cells were transfected with a complex of 2 pg pEGF-
PLuc plasmid DNA (Clontech, Palo Alto, CA) and 30 pl lipo-
fection reagent (Lipofect AMINE™ 2000; Invitrogen). Stable
transfectants were sclected in geneticin (400 pg/ml; Invitro-
gen) and bioluminescence was used to screen transfected
clones for luciferase gene expression using the IVIS system.
Clones expressing the [uciferase gene were named NEC8-luc.

In vive imaging study for orthotopic xenografts moedel

A total of 1.0 x 10° NEC8-luc cells were injected into mice
intratesticularly. Cells were suspended in 50 pl of a serum-free
medium and injected using a 26-gauge needle into both testes
of 8-week-old athymic nude mice obtained from CLEA Japan
{Shizuoka, Japan). Ten days after the injection of cells, tumor
cell-bearing nude mice were randomly divided into four treat-
ment groups (FGF-4 siRNA alone, FGF-4 siRNA complexed
with Atelocollagen, control siRNA complexed with Atelocol-
lagen and Atelocollagen alone). Each group consisted of four
animals. The siRNAs and their complexes were injected
directly into the testes (2.5 pg siRNA/50 pl/testis). The final
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concentration of Atelocollagen was 0.5%. Tumor growth was

monitored by measuring light emission from individual mice
21 days after siRNA administration. Three days after siRNA
administration, tumors were harvested and subjected (o ELISA
analysis for the detection of FGF-4 protein. Animal experi-
ments in the present study were performed in compliance with
the guidelines of the Institute for Laboratory Animal Research,
National Cancer Center Research Institute.

Statistical analysis

The results are given as means + SE. Statistical analysis was
conducted using the analysis of variance with the Bonferroni
correction for multiple comparisons. A P-value of 0.05 or less
was considered to indicate a significant difference.

RESULTS
Atelocollagen-based delivery of siRNA into cells

To develop a method for more efficient siRNA delivery into
cells, we have developed a new method for condensing and
delivering siRNA using Atelocollagen. Atelocollagen, whichis
positively charged interacts with the negatively charged siRNA
duplex to form an siRNA/Atelocollagen complex (Figure 1),

Atelocollagen NN SIRNA o=

racaares s
=3
Molecularweight 300xD
Length 300 nm L -
Diameter 1.5nm o
% e? siRNAlAlelocollagen
I° complex

| Functional genomics | [ Therapeutics |

@, -
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Oooo (=]
cells © |
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L - Localized delivery

| ¢

| Efficient & long-term siRNA expression

Figure 1. Schematic representation of Atclcollagen-mediated transfer of
siRNA duplex for functional genomics and therapeutics. Atclocollagen is a
decomposition product of type I collagen derived from the dermis of cattle with
a molecular weight of 300 kDa. It is a rod-like molecule with a length and
diameter of 300 and 1.5 nm, respectively. Atelocollagen, which is positively
charged interacts with the negatively charged siRNA duplex to form an siRNA/
Atelocollagen complex, a nanosize particle with adiameter of 100-3G0 nm. The
siRNA/Arelocollagen complex spetted onto the well of a microplate was stable
for a long period and allowed the cells to transduce and express siRNAs. The
present method using Atelocollagen-based siRNA transfer is also applicable
10 in vive siRNA transfer, since the siRNA/Atelocollagen complex is stable
in vivo, Atelocollagen is soluble at a lower temperature but solidifies to
refibrillation at a temparature over 30°C. Therefore, the siRNA/Atclo-
collagen complexes can be injected locally for tissue-targeting siRNA
delivery. Once introduced into animals, the complex becomes a solid state
and the siRNA is controlled-released for a defined period due to the
biodegradable nature of Atelocollagen.
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a nanosize particle with a diameter of 100-300 nm, In this
system, the siRNA/Atelocollagen complexes are pre-coated
on a micro-well plate on which the cells are then seeded (16)
(Figure 1). Using this method, cells take up the siRNA/
Atelocollagen complex and siRNA exerts a gene silencing
effect. To examine whether Atelocollagen blocks degradation
of siRNA from nuclease, naked siRNA, siRNA/liposome
complex and siRNA/Atelocollagen complex were incubated
in the presence of RNase (0.1 pg/pl) for 0, 5, 15, 30, 45 and
60 min at 37°C followed by agarose gel electrophoresis.
The resulis indicated that the siRNA/Atelocollagen complex
showed partial resistance to degradation of siRNA in the
presence of nuclease (Figure 2). In addition, ~50% of the
siRNA were incorporated into the Atelocollagen, which sug-
gests non-incorporated siRNAs are degraded (data not
shown). Furthermore, Atelocollagen demonstrated 40-60%
efficiency of cellular uptake of FITC-labeled siRNAs 24 h
after transfection (data not shown). To evaluate the efficiency
of Atelocollagen-mediated transfer technology using
well-characterized siRNA, we employed a luciferase reporter

15 30

min 0 5

siRNA
alone
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SiRNA?
liposome

SiRNA!
Atelocollagen

Figure 2, Atelocollagen blocks degradation of siRNA by RNase A. Naked
siRNA, siRNA/liposome and siRNA/Atelocoltagen complexes were incubated
in the presence of RNase A for 0, 5, 15, 30, 45 and 60 min at 37°C and then
agarose gel electrophoresed. The presence of siRNA was revealed by ethidium
bromide staining.
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Figure 3, Characteristics of Atelocollagen-mediated siRNA transfer tech-
nology. Inhibitory effect of luciferase production in 293 cells, The GL3
sIRNA duplexes were transfected into pGL3 control plasmid transfected 293
cells by polycation-reagent or complexed with Atelocollagen. Luciferase activ-
ity was measured on day 2 (n =4, mean £ SE). *, P < 0.001 versus GL3 siRNA/
Atelocollagen and GL3 siRNA liposome-treated cells, As a contrel for GL3
siRNA, GL2 siRNA was used.
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gene system in 293 cells. As shown in Figure 3, our Atelo-
collagen-mediated siRNA delivery technology exhibited an
inhibitory effect as efficient as that in the conventional lipo-
some transfer method.

In the next experiment, we employed human testicular
tumor cells, NECS8, which showed high levels of HST-1/
FGF-4 mRNA expression (17) and specifically inhibited
cell growth by suppression of HST-1/FGF-4 (19). An Atelo-
collagen-mediated delivery of human HST-1/FGF-4 siRNA
was performed to inhibit NEC8 cell growth. The inhibitory
effect of HST-1/FGF-4 siRNA was dose-dependent and 1.4 g
per 3.5 x 10% cells produced maximum inhibition (Figure 4A).
Atadose of 1.4 ug per 3.5 % 10* cells showed ~10% toxicity by
the trypan blue exclusion. Therefore, we used human HST-1/
FGF-4 siRNA at a submaximal dose of 0.7 pug per 3.5 x 10*
NECS cells for further studies. The NEC8 cells transfected
with siRNA plus polycation reagent showed an inhibitory
effect for maximum of 4 days post-transfection and there
was no inhibition of cell growth thereafter (Figure 4B). In
addition, siRNA alone and liposome alone showed no
significant inhibitory effect (data not shown). In contrast,
HST-1/FGF-4 siRNA complexed with Atelocollagen
displayed inhibition of cell growth for at least 7 days in
culture, To verify further that cell growth inhibition reflected

A
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Q

P e sk

01 02 04 07 14
siBNA (pgiwell)

O siRNAdliposome
30| H siRNAfAtelocollagen

% Inhibition

Days

Figure 4. Inhibition of human testicular tumor cell growth by siRNA/Atelo-
collagen complex. (A) Dose-dependent inhibition of NEC8 cell growth, Hurnan
HST-V/FGF-4 siRNAs (0.1-1.4 pg) complexed with 0.008% Atelocollagen
were transduced into NECE cells. Cell proliferation was measured at 2 days
after treatment (n = 4, mean £ SE). (B) Long-term inhibition of NECS8 cell
growth by siRNA/Atelocollagen complex. HST-1/FGF-4 siRNA (0.7 pg) was
transfected into NEC8 cells by polycation-reagent and complexed with 0.008%
Acelocollagen (n = 6, mean * SE).
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a gene-specific silencing event, HST-1/FGF-4 protein
production in NECS8 cells was investigated by ELISA (20).
As shown in Figure 5, HST-1/FGF-4 protein levels were sig-
nificantly inhibited when cells were transfected with the
siRNA/Atelocollagen complex. Taken together, these data
show that the Atelocollagen stabilized siRNA and thereby
siRNA/Atelocollagen complex was able to produce an effi-
cient and a long-term gene silencing effect in vitro.

Enhanced gene silencing by siRNA/Atelocollagen
complex in vivo

To test whether Atelocollagen-mediated siRNA transfer is
valid for gene silencing in vivo (Figure 1), animal experiments
were performed on mice bearing a luciferase-producing mel-
anoma. Non-invasive in vivo bioluminescence imaging ana-
lysis showed that luciferase expressions in the tumor of mice
injected with GL3 siRNA alone and liposome-complexed
siRNA were maximally inhibited at 2-3 days after injection,
and increased thereafter. In contrast, mice administered with
the siRNA/Atelocollagen complex showed a relatively strong
and sustained inhibition of luciferase expression in vivo
(Figures 6A and B). As previously shown, radiolabeled
siRNA mixed with Atelocollagen existed in the tumors for
at least a week and remained intact (21). These results suggest
that an Atelocollagen-mediated in vivo transfer of siRNA
could be a powerful and simple method to study loss-of-
function of genes in animals.

Inhibition of tumor growth by siRNA/Atelocollagen
complex

Testicular injections of NECS8 cell lines in Balb/c nude mice
demonstrated relevant tumor biology (19). In this study, the
NECZ cell line was labeled through expression of a stable
integrant of the luciferase gene. Athymic nude mice laden

600
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HST-1/FGF-4
(pg/mg protein)
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Figure 5, Silencing effect on HST-1/FGF-4 protein production in NECS cells.
HST-1/FGF-4 siRNA (0.7 ug) complexed with 0.008% Atelocollagen was
transduced into NECS8 cells. As a control, an Atelocollagen complex with
non-specific control siRNA duplex that shows no silencing effect on human
HST-1/FGF-4 was used (control-siRNA/Atelocollagen). Production of HST- 1/
FGF-4 protein was measured by ELISA 3 days after the transfer of siRNA
(n =3, mean £ SE). *, P < 0.05.
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Figure 6. In vivo imaging of gene silencing effect of siRNA/Atelocollagen complex. (A) Luciferase GL3 siRNA (2.5 ug) complexed with 0.5% Atelocollagen was
administered into mice and luciferase expression of xenografted tumors was monitored by /7 vivo imaging analysis. As a control, mice administered with siRNA
alone, siRNA complexed with liposome and Atelocollagen alone were investigated. Color bar represents signal intensity code over body surface area. {B) Luciferase
gene expression was measured periodically and is represented as photon/s. Number of tumors at each time point is 4. As a control for GL3 siRNA, GL2 siRNA was

used. Data represent the mean * SE. *, P < 0.05 versus Atelocollagen treatment.

with a testicular injection of NEC8-luc cells were randomly
selected for treatment with HST-1/FGF-4 siRNA alone,
siRNA complexed with Atelocollagen or Atelocollagen
alone. Previously, bioluminescence imaging of orthotopic
xenografts in mice demonstrated a linear correlation between
tumor bioluminescence and tumor volume (18,22). Tumor
growth was inhibited by treatment with human HST-1/FGF-
4 siRNA complexed with Atelocollagen. At 21 days following
treatment, tumor volume in mice treated with siRNA com-
plexed with Atelocollagen was smaller than that in the control
mice treated with Atelocollagen alone (Figure 7A and B). In
contrast, tumors treated with siRNA alone and control siRNA/
Atelocollagen showed no significant volume reduction.
Furthermore, the FGF-4 siRNA/Atelocollagen complex sig-
nificantly inhibited the production of FGF-4 in the tumors
{(Figure 7C) and this inhibition lasted for 20 days. Therefore,
the Atelocollagen-mediated siRNA transfer is a significant
novel method for inhibition of tumor growth in vivo.

DISCUSSION

Silencing of gene expression by siRNAs is rapidly becoming a
powerful tool for the genetic analysis of a wide variety of

mammalian cells. Although in the original studies, the
expression of siRNA in mammalian cells was achieved via
the transfection of double-stranded oligonucleotides, subse-
quent studies described the limited duration of the gene silen-
cing effect. To overcome this problem, the use of plasmids to
achieve a long-term and stable expression of siRNA was estab-
lished (23-25). In addition, several groups have described the
use of adenoviral vectors (9), retroviral vectors (26) and self-
inactivating lentiviral vectors (27) for siRNA delivery. How-
ever, viral vectors suffer from the problem of severe side
effects. Although the ‘hydrodynamic transfection method’
and a liposome transfection method were recently reported
for siRNA delivery into animals (8,28), none is suitable for
clinical use. Therefore, the development of safe non-vector-
based siRNA delivery systems is critical for the future of
siRNA-based therapies. Here, we used an Atelocollagen-
mediated siRNA transfer in an in vitro and in vivo germ
cell tumor-suppression model. Because Atelocollagen allowed
increased cellular uptake, nuclease resistance and prolonged
release of siRNAs, Atelocollagen complexed with siRNA
rather than siRNA alone or a polycation transfer method
resulted in stronger gene silencing effects over other
methods. It is known that Atelocollagen has the ability to
transfer genes to both dividing and non-dividing
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cells. Thus, for clinical applications in RNAi therapy,
an Atelocollagen-based siRNA transfer system represents
an attractive method to achieve maximal function of
siRNA-based gene silencing in vivo.

One technical problemassociated withsiRNA transfer invivo
is the targeting of siRNA delivery to a specific tissue. For this
purpose, our Atelocollagen-based transfer method has great
potential for site-specific transportation of target siRNAs
because the complex of siRNA/Atelocollagen becomes solid
when transplanted and remains so for a defined period in
vivo. In addition, an Atelocollagen complex can be delivered
as micro-particles for intravenous injection, making systemic
delivery of siRNA possible. A recentreport showed the potential
for Atelocollagen-mediated systemic antisense therapeutics for
inflammatory disease (29). Following in vive admin-
istration, the incorporated siRNAs are slowly released over
anextended period of time. This eliminates the need for multiple
injections of siRNA and siRNA vectors, in lessened side effects.

Although siRNAs are thought to be too short to induce
interferon expression, recent reports has shown that siRNA
sequences and their method of delivery may trigger an inter-
feron response (30,31). Therefore, alternative strategies are
needed to reduce the induction of non-specific side effects.
In this regard, our Atelocollagen-mediated non-vector transfer
method is an attractive strategy to deliver siRNAs in vivo,

since our Atelocollagen has low-toxicity and is low-
immunogenic, and hence unlikely to stimulate interferon
expression in vivo.

Finally, based on the ability of Atelocollagen to achieve the
sustained release of siRNA and to enhance the stability of
siRNA in vivo, our novel delivery method demonstrates
potential for use as a therapeutic tool for the delivery of
siRNA.
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High Performance Gene Delivery Polymeric Vector: Nano-Structured

Cationic Star Polymers (Star Vectors)

Yasuhide Nakayama"", Takeshi Masuda', Makoto Nagaishi', Michiko Hayashi!, Moto Ohira® and

Mariko Harada-Shiba®

!'Department of Bioengineering, National Cardiovascular Center Research Institute, *Department of Bioscience,
National Cardiovascular Center Research Institute, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan

Abstract: Nano-structured hyperbranched cationic star polymers, called star vectors, were molecularly designed for a
novel gene delivery non-viral vector. The linear and 3, 4 or 6 branched water-soluble cationic polymers, which had same
molecular weight of ca. 18,000, were synthesized by iniferter (initiator-transfer agent-terminator)-based photo-living-
radical polymerization of 3-(N,N-dimethylamino)propyl acrylamide, initiated from respective multi-dithiocarbamate-
derivatized benzenes as an iniferter. All polymers produced polyion complexes ‘polyplexes’ by mixing with pDNA
(pGL3-control plasmid). in which the particle size was ca. 250 nm in diameter [the charge ratio < 2/1 (vevtor/pDNA)] and
ca. 130 nm (the charge ratio > 2.5/1), and the {-potential was ca. +10 mV (the charge ratic > 1/1). When COS-1 cells were
incubated with the polyplexes 12h after preparation under the charge ratio of 5/1, higher gene expression was obtained as
an increase in branching, with a little cytotoxicity. The relative gene expression to the linear polymer was about 2, 5, and
10 times in 3-, 4-, and 6-branched polymers, respectively, The precise change in branching of polymers enabled the

control of the gene transfer activity.

Keywords: Non-viral vector, star polymer, polyplex, branched polymer, gene transfection, molecular design.

INTRODUCTION

The cationic polymers, which can generate nano-particles
by formation of polyion complexes ‘polyplexes® with DNA
irrespective of its size and kind, are highly expected as one
of the major materials for non-viral vectors [1-4]. However,
the primary obstacle toward implementing an effective gene
therapy using the cationic polymers remains their relatively
inefficient gene transfection in vivo than virus vectors.

To achieve an enhancement of gene transfection using
cationic polymers, numerous studies have been performed by
various approaches; e.g., the chemical synthetic engineering
approach in which the kind and composition of the polymers
are modified [5,6]. biochemical approach in which targeting
ligands such as galactose, mannose, transferring, or
antibodies into the polymers [7-11], functional molecular
engineering approach in which stimulus-response polymers
with light and thermal reactivity are designed as high
performance vectors [12-14], and physical engineering
approach in which physical stimulation with electroporation,
gene gun, ultrasound and hydrodynamic pressure are
provided at the transfection [2,15,16]. However, few studies
in the molecular structure of cationic polymers, which are
usually synthesized by conventional radical polymerization,
has been reported, except for the effects of changes in the
polymer chain length and composition of polymers [17-20]
and complex multi-branching polymers, of which structural
analysis is impossible [21-24]. Since precise molecular
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Bioengineering, National Cardiovascular Center Research Institute, 5-7-1
Fujishiro-dai, Suita, Osaka 565-8565, Japan; Tel: +81-6-6833-5012; Fax:
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design, including the molecular weight and three-
dimensional structure, by conventional radical poly-
merization was quite difficult in general, the systematic
structure-dependency of cationic polymers in gene
transfection has not been established.

In this study, for examination of the effects of the
molecular structure on gene expression we designed novel
cationic polymers with star-shaped and symmetric structure,
which is determined by 2-parameters, the degree of
branching and chain length. Molecular design was performed
by the iniferter (acts as initiator-transfer agent-ferminator)-
based photo-living-radical polymerization method pioneered
by Otsu et al [25-30]. An iniferter, benzyl N, N-
diethyldithiocarbamate (DC) is dissociated into a benzy!
radical and a dithiocarbamy| radical by ultraviolet light (UV)
irradiation. The reaction involving an N, N-diethyldithio-
carbamyl radical favors chain termination with a growing
polymer chain radical end rather than a reaction with a vinyl
monomer, whereas a benzyl radical reacts with a vinyl
monomer to produce a polymer. These reactions proceed
only during irradiation. Therefore, the chain length of the
growing polymer is controlled by irradiation condition such
as irradiation time or light intensity and the compesition of
the solution. We previously used the living radical
polymerization for designing of various surface graft
architectures [31-34] controlling the chain length, block graft
chain, gradient chain length and regionally graft polymerized
pattern surface. As the first step of the study, star polymers
of the same molecular weight at a precise degree of
branching of 0, 3, 4, and 6 were synthesized. The effects of
the degree of branching on gene expression by measuring the
luciferase activity were examined.

© 2005 Beatham Science Publishers Ltd.
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MATERIALS AND METHODS
Materials

Benzyl chloride, 2,4,6-trislbromomethyl}mesitylene,
1,2,4,5-tetrakis(bromomethyl)benzene, and hexakis(bromo-
methyl)benzene were obtained from Sigma-Aldrich
(Milwaukee, W1). Sodium N,N-diethyldithiocarbamate and
N, N-dimethyaminopropy! acrylamide were purchased from
Wako Pure Chemical Ind. Ltd. (Osaka, Japan). Solvents and
other reagents, all of which were of special reagent grade,
were obtained from Wako and used after conventional
purification. Plasmid DNA (pGL3-control}, which contains
the firefly luciferase gene, was obtained from Promega Inc.,
(Tokyo, fapan). ExGen 500 [poly(ethylene imine)} was
obtained from Euromedex Inc., (Cedex, France).

Synthesis of Cationic Star Polymers

_ Cationic polymers including linear and three types of star
polymers with 3, 4, or 6 branches per molecule were
prepared by iniferter-based photo-living-radical polymeri-
zation of 3-(N N-dimethylamino)propyl acrylamide as a
monomer from respective inifeters such as benzyl N N-
diethyldithiocarbamate, 2,4,6-tris (N, M-diethyldithiocarba-
mylmethyl)mesitylene, 1,2,4,5- tetrakis(¥,¥-diethyldithio-
carbamylmethylbenzene, and hexakis (N, N-diethyldithio-
carbamylmethyl)benzene, which were obtained by NAN-
diethyldithiocarbamylation from respective benzyl
halogenate derivatives such as benzyl chloride, 2,4,6-tris
{bromomethyl)mesitylene, 1,2,4,5-tetrakis(bromomethy!)
benzene, and hexakis(bromomethyl)benzene.

The general preparation method of iniferter is followed.
An ethanol solution (10 ml} of chloromethy! benzene (4.8 g,
38 mmo!) was added to an ethanol solution (50 ml) of
sodium N, N-diethyldithiocarbamate (10.3 g, 46 mmol) at
0°C. After the mixture was stirred at room temperature for
24 h, the resulting sodium chloride was separated by
filtration. The filtrate was concentrated under reduced
pressure. The residue was added into 150 ml of water and
extracted with ether (200 ml x 2) and washed successively
with deionized water (100 ml x 3), followed the separation
of the organic layer, drying over MgSQ., condensation to
give benzyl N, N-diethyldithiocarbamate: yield, 17.6g (93%);
H NMR (DMSQ-d; with Me.8i) & 7.34 (m, SH, Ceffs), 4.54
(s, 2ZH, CH--S), 4.05 {(q, 2H, N-CH.), 3.73 (q, 2H, N-CH»),
1.28 (m, 6H, CH.CH,).

The general procedure of iniferter-induced photo-living-
radical polymerization is followed. A methanel solution {20
ml) of benzyl N, N-diethyldithiocarbamate (24 mg, 0.1 mmol)
and 3-(V, N-dimethylamino)propyl acrylamide (3.9 g, 25
mmol) was placed into 50 ml quartz crystal tube. A stream of
dry nitrogen was introduced through a gas inlet to sweep the
tube for 5 min or more. The solution was then irradiated for
30 min with a 200 W Hg lamp (SPOT CURE, USHIO,
Tokyo, Japan) in nitrogen atmosphere at 20~25 °C. Light
intensity was set to 1 mW/cm’® at the wavelength of 250 nm
(UVR-1, TOPCON, Tokyo, Japan). The reaction mixture
was concentrated under reduced pressure. The residue was
dissolved in a small amount of methanol. The precipitate,
obtained by the addition of a large amount of ether, was
separated by filtration. Reprecipitation was performed in the
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methanol-ether system. The last precipitate was dried in a
vacuum to yield poly[3-(N, N-dimethylamino)propyl
acrylamide] as a white powder. The molecular weight,
determined by GPC analysis, was 18,000 g mol”.'H NMR
(DMSO-d; with Me,Si) & 7.60 (br, 1H, N-A), 3.22 (br, 2H,
NH-CH,), 2.30 ((br, 2H, N{CH;),-CH,), 2.15 (br, 6H, N-
CH,y), 1.65 (br, 2H, CH;-CH:).

General Methods

GPC analysis was carried out on a R[-8012 (TSK «-
3000 and ©-5000; Tosoh, Tokyo, Japan) after calibration
with standard polyethylene glycol samples. The eluent was
N,N-dimethylformamide. 'H-NMR spectra were obtained on
a Valian Gemini-300 (300 MHz) spectrometer (Tokyo,
Japan). All '"H-NMR spectra were recorded in DMSO-d;
solutions using tetramethylsilane as the internal standard.
Dynamic light scattering (DLS) measurements were carried
out using a DLS-8000 instrument (Otsuka Electrinics,
Tokyo, Japan). An Ar ion laser (As = 488 nm) was used as
the incident beam. The sample was prepared by direct
mixing of pDNA solution and the polymer in Tris-HCI
buffer (pH 7.4). The DNA concentration of the mixture was
then adjusted to 23 ug cm™.

Cell Culture and Transfection

COS-1 cells (ca. 3 x 10* cells per well) were seeded prior
to treatment in 24-well plates and grown for 24 h in DMEM
(Gibco, Invitrogen Corp., Carlsbad, CA) containing 10%
fetal calf serum (Hyclone Laboratories Inc., Logan, UT),
penicillin (200 units/ml, ICN Biomedicals Inc., Aurora, OH),
and streptomycin (200 mg/ml, ICN) in an atmosphere of 5%
CO; at 37 °C. Transfections were performed with 0.5 pg of
plasmid DNA (pGL3-control) in 24-multi well dishes in 0.2
ml of OPTI-MEM 1 (Gibco). After 3 h of incubation, the
cells were washed once with PBS, and cultured in 1 ml of
DMEM containing 10% fetal calf serum for an additional 48
h. The medium was removed and the cells were washed
twice with PBS. The cells were lysed with 0.2 ml of cell
lysis buffer (Promega, Madison, WI) and mixed by
vortexing. The lysate was centrifuged at 15,000 rpm for |
min at 4 °C and 5 pl of the supernatant was analyzed for
luciferase activity using a Luminous CT-9000D (Dia-latron,
Tokyo, Japan) luminometer. The relative light unit/s (RLU)
were converted into the amount of luciferase (pg) using a
luciferase standard curve, which was obtained by diluting
recombinant luciferase (Promega) in lysis buffer. The protein
concentrations of cells lysates were measured by Bio-Rad
protetn assay (BIO-RAD, Hercules, CA) using bovine serum
albumin as a standard. The expressed luciferase represented’
the amount {mole quantity), which is standardized for total
protein content of cell lysate. The data are presented as
means£S.D. (n=5).

Cytotoxicity

Cytotoxicity was assessed by cell viability assay using
WST-8 method (Dojindo, Kumamoto, Japan). COS-1 cells
were seeded 24 h prior to treatment in 96-well plates at 5,000
cells per well. Cells were treated with the same conditions
used for luciferase .assays, with a volume of 6.2 ! of the
transfection mixture including 0.124 pg of pDNA added to
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each well. Cells were treated with the appropriate conditions
for 3 h, washed once with PBS, and cultures in 50 pl of
DMEM (Gibco) containing 10% fetal calf serum for an
additional 24 h. Each well was added with 10 pl of WST-8
reagent (5 mmol/l). After 2 h of incubation at 37 °C,
absorbance at 450 nm was read in a BIO-RAD microplate
reader (Model 680). The data are presented as means+S.D.
(n=5).

RESULTS AND DISCUSSION
Preparation of Cationic Star Polymers

Four kinds of cationic polymers, consisting of one linear
polymer and three star polymers precisely controlled the
degree of branching to 3, 4, and 6, were molecularly
designed (Fig. 1). The polymers were synthesized by the
iniferter living radical polymerization using respective
initiators, multi-dithiocarbamate-derivatized benzenes, which
were prepared corresponding to the degree of branching. As
the monomer, a cationic vinyl monomer with tertiary amino
residues, 3-(N, N-dimethylamino)propyl acrylamide was
used. Since polymerization could proceed only during
irradiation, the chain length of the polymers could be easily
controlled by the irradiation condition and the composition
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of the solution. One linear and three kinds of star polymers
with a molecular weight of about 18,000 with low
polydispersity of about 1.5, irrespective of the degree of
branching, were obtained. Therefore, the chain length in the
polymers was set to about 6,000 with a degree of branching
of 3, about 4,500 with a degree of branching of 4, and about
3,000 with a degree of branching of 6.

Polyplex Formation

When aqueous sclutions of all obtained branched cationic
polymers with same molecular weight were mixed with a
Tris-HCI buffered saline of pDNA, marked high scattering
intensity in quasi-elastic (dynamic) light scattering (DLS)
measurements was immediately observed regardless of the
degree of branching, indicating polyplexes formation from
all cationic polymers. It was considered that the polyplexes
formed by electrostatic interactions are same as other
cationic polymeric vectors. The particle sizes of the
polyplexes were measured using DLS. The DLS
measurements showed that the cumulant diameter of the
polyplexes was about 250 nm at a charge ratio less than 2/1
(vector/pDNA) and decreased to about 150 nm at a charge
ratio more than 2.5/1(vector/pDNA). However, the particle
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Fig. (1). Structural formulas of the star polymers, which were synthesized by iniferter-induced photo living radical polymerization of 3-(N.N-
dimethylamino)propyl acrylamide from the respective multi-iniferters, N, N-diethyldithiocarbamate-derivatized benzenes.
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sizes of the polyplexes were not significantly affected by the
branching. In addition, {-potentials of pDNA polyplexes
with the cationic polymers were measured to examine their
electric property. The {-potential of the pDNA polyplexes
was about +10 mV at a charge ratio more than
I/l(vector/pDNA). The difference in {-potential value
between the polymers was little in each branching.
Therefore, it can be said that there is little difference in
physiochemical properties of the polyplexes produced from
cationic polymers with different branching.

Cytotoxicity

Cytotoxicity of the pDNA polyplexes with the 6-
branching polymer to COS-1 cells was studied by the cell
survival rate using the WST-8 method. As shown in (Fig, 2)
the cytotoxicity of the polyplexes was negligible up to a
charge ratio of 5/1 (vecter/pDNA). At charge ratios more
than 5/1, the cytotoxicity was gradually reduced, and it was
about 60% at a charge ratio of 20/1 (vector/pDNA).
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Fig. (2). Cytotoxicity of the polyplexes obtained immediatcly alier
mixing of DNA {(pGL3-control) and 6-branching star polymer
under the changing of a charge ratio (vector/pDNA), which was
determined by cell viability assay of COS-1 cells using a WST-§
method. The data are presented as means+S.D. (n=5).

Gene Expression and Cell Viability

Gene transfer activity of the cationic polymers with same
molecular weight of about 18,000 was examined and
compared with that of ExGen 500 {35,36], which was one of
major commercially available typical cationic polymeric
vectors as a positive control. Figure 3 shows gene transfer
activity of the cationic pelymers at the charge ratio of 5/1
{vector/pDNAY} in COS-1 cells, When pDNA alone was
transfected, little luciferase activity was observed (data not
shown). On the other hand, the luciferase was produced in all
pDNA polyplexes. The enhancement of gene transfer
activity in the use of the polyplexes may be due to
acceleration of cellular uptake of pDNA polyplexes by
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Fig. (3). Effect of branching of the star polymers on the level of
luciferase gene transfer activity in COS-1 cells. COS-1 cells were
treated with the polyplexes prepared by mixing of the star polymers
and DNA (pGL3-control) under a charge ratio of 5/1
(vector/pDNA) 12 h after those preparation. The expression level
was increased with increases in the degree of branching. The data
are presented as means£S.D. (n=5).

endocytosis and endosomal release of the polyplexes by the
proton sponge effect [37,38] in endosomes, similar to the
other cationic polymers. The gene transfer activity of the
PDNA polyplexes with the non-branched, linear cationic
polymer was lowest, which was comparable with that of
ExGen 500. However, the activity was increased by stage,
corresponding to the degree of branching. The relative
transfer activity to the linear polymer was about 2, 5 and 10
times in 3-, 4- and 6-branched polymers, respectively. As an
increase in the degree of branching the transfer activity was
almost exponentially increased. It can be said that the highly
branched polymer called star vectors is useful for a gene
delivery vector.

Cationic polymer-mediated transfection should over-
come three major barriers for transfection, which includes
binding of pDNA polyplexes to cell surface, endosormal
release, and entry of pDNA into the nucleus. These barriers
are strongly depended on the physicochemical properties of
polyplexes such as net charge and particle size. Therefore,
such properties markedly determine transfection efficiency.
However, in the present study, transfection efficiency was
strongly affected with the branching degree regardless of
almost same physcochemical properties in pDNA polyplexes
formed from the all branched polymers. The branching
degree-dependent transfer activity changing may be
estimated below. As an increase in the degree of branching
the density of cationic charges in the branched polymers is
increased. Higher charge density may affect the formation of
higher compaction of pDNA polyplexes. The condensed
PDNA polyplexes thus obtained may be stable in endosomes
and also in aqueous media, which may prevent degradation
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and aggregation of the polyplexes, respectively. Therefore,
higher branching resulted in higher gene transfer activity.

The other star polymers as a gene delivery vector are
easily designed by iniferter-based photo-living-radical
polymerization. The composition of polymer chains can be
determined by the kind of monomers, and the molecular
weight by the irradiation time. Therefore, in addition to
allowing design of the basic skeletal structure, the
composition and length of polymer chains can be optimized
as schematically shown in (Fig. 4). Changing the kind of
monomers ¢an control the composition of the palymer chains
continuously or stepwise. To further increase the degree of
branching, we will design the core molecules from benzene
ring to naphthalene ring or combinations of benzene rings as
multi-iniferters. Furthermore, formation of hyper branching
structure by diverging of branching chains will be possible
[34]. In the near future, the correlation between the three-
dimensional structure in a star vector and the efficiency of
gene expression will be clarified in detail.

s

T Diverging

<+ —
Branching Length

o

l Composition
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Fig. (4). Possibility in molecular design of various star polymers
having different branching, diverging, chain length, or composition,
which are based on iniferter-induced living radical polymerization.
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Disruption of Autosomal Recessive Hypercholesterolemia
Gene Shows Different Phenotype In Vitro and In Vivo

Mariko Harada-Shiba, Atsuko Takagi, Kousuke Marutsuka, Sayaka Moriguchi, Hiroaki Yagyu,
Shun Ishibashi, Yujiro Asada, Shinji Yokoyama

Abstract—We previously characterized the patients with autosomal recessive hypercholesterolemia (ARH) as having
severe hypercholesterolemia and retarded plasma low-density lipoprotein (LDL) clearance despite normal LDL receptor
(LDLR) function in their cultured fibroblasts, and we identified a mutation in the ARH locus in these patients. ARH
protein is an adaptor protein of the LDL and reportedly modulates its internalization. We developed ARH knockout mice
(ARH ") to study the function of this protein. Plasma total cholesterol level was higher in ARH ™ mice than that in
wild-type mice (ARH*'"), being attributed to a 6-fold increase of LDL, whereas plasma lipoprotein was normal in the
heterozygotes (ARH ™). Clearance of '“[-LDL from plasma was retarded in ARH ™™ mice, as much as that found in
LDLR™'" mice. Fluorescence activity of the intravenously injected 1,1'-dioctadecyl-3,3,3',3 -tetramethylin-
docarbocyanine perchlorate (DiI)-LDL was recovered in the ¢cytosol of the hepatocytes of ARH*'™" mice, but not in those
of ARH™ or LDLR™™ mice. Also, less radioactivity was recovered in the liver of ARH™"™ or LDLR™™ mice when
['H]cholesteryl oleyl ether (CE)-labeled LDL was injected. In contrast, uptakes of [*H]CE-labeled LDL, '*'[-LDL, and
Dil-LDL were all normal or slightly subnormal when the ARH ™'~ hepatocytes were cultured. We thus concluded that
the function of the hepatic LDLR is impaired in the ARH™'™ mice in vivo, despite its normal function in vitro. These
findings were consistent with the observations with the ARH homozygous patients and suggested that certain cellular
environmental factors modulate the requirement of ARH for the LDLR function. (Circ Res. 2004;95:945-952,)

Key Words: autosomal recessive hypercholesterolemia m knockout mouse & low-density lipoprotein receptor
Y yp Y hipop P
® primary cultured hepatocytes m OmniBank

ereditary hypercholesterolemia was first characterized

by Khachadurian and Kuthman in 1973' as severe
hypercholesterolemia with cutancous and tendon xanthomas
and premature atherosclerosis. They proposed two categories,
autosomal dominant and recessive.! Hypercholesterolemia
with autosomal dominant inheritance was termed familial
hypercholesterolemia. Studies of familial hypercholesterol-
emia led to the discovery of low-density lipoprotein receptor
(LDLR) and identification of its genctic dysfunction as the
cause of this disease. The LDLR is now known to play a key
role in the internalization of LDL into the cell and in the
regulation of plasma LDL concentrations.2* However, hyper-
cholesterolemia with autosomal recessive inheritance had

In 2001, Garcia et al* mapped the ARH locus to chromo-
some 1p35 using six families of autosomal recessive hyper-
cholesterolemia (ARH), They identified six mutations of the
gene encoding a putative LDLR adaptor protein in these ARH
familics. We showed that an insertion mutation in the ARH
gene of the Japanese siblings described causes an early stop
codon.”

ARH protein has an N-terminal phosphotyrosine-binding
(PTB) domain.® The PTB domain is found in several adaptor
proteins, such as Disabled-2 and numb, and binds to an
NPXY sequence in the cytoplasmic tails of cell surface
receptors to modulate their internalization. Recently, the PTB
domain of ARH protein was shown by the pull-down tech-
nique to bind to the FDNPVY sequence of LDLR* ARH

never been fully characterized until we first reported this
disease.* In these articles, we described siblings with severe
hypercholesterolemia, exhibiting huge xanthomas and prema-
ture atherosclerosis despite normal LDLR activity in their

protein was also reported to interact with clathrin and is
thought to function as an adaptor protein that couples LDLR
to the endocytic machinery.®

What is unique about the patients with ARH is the apparent

cultured fibroblasts. inconsistency of the LDLR functions between in vitro and in
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vivo. In ARH patients, clearance of '*“[-LDL from plasma is
delayed to the same extent as that found among homozygous
familial hypercholesterolemia, whereas LDL binding, inter-
nalization, and degradation are normal or subnormal in their
cultured fibroblasts.®-1' However, a defect in LDLR internal-
ization was observed in Epstein-Barr virus lymphocytes from
ARH patients.’2 LDLR activity in these mutant cells could be
restored by retrovirus-mediated expression of normal ARH."?
The results indicated that lymphocytes require ARH for
normal functioning of the LDLR even in vitro, whereas
fibroblasts express the normal LDLR functions without ARH,
at least in vitro. Because ARH patients have delayed clear-
ance of LDL, the LDLR requires ARH for its functions, at
least in the liver in vivo. Jones et al'* reported that ARH-
deficient mice have delayed catabolism of LDL, higher LDL
cholesterol levels, and greater immunodetectable LDLR on
the sinusoidal surface of hepatocytes.

In the present study, we characterized ARH-deficient mice
to study the functions of ARH. ARH ™~ mice showed a higher
level of plasma LDL cholesterol than wild-type mice,
whereas ARH*'™ mice did not show hypercholesterolemia,
being consistent with clinical manifestation of the human
ARH patients.>? The clearance of '“I-LDL was delayed, and
hepatic uptake of 1,1'-dioctadecyl-3,3.3’'.3"-tetramethylin-
docarbocyanine perchlorate (Dil)-LDL and of ['H]cholesteryl
oley! ether-labeled LDL (*H-CE-LDL) was decreased in
ARH™ mice. However, primary cultured hepatocytes of
ARH™" mice had normal functions to internalize ‘H-CE-
LDL, "™I-.LDL, and Dil-LDL. Thus, the results indicate that
the cellular environment modulates the regulation of LDLR
function by ARH protein.

Materials and Methods

General Procedure

Plasma lipoproteins were analyzed by high-performance liquid
chromatography using molecular sieve columns (Skylight Biotech,
Inc).'s Cholesterol and triglycerides were measured wsing enzyme
assay kits {Wako, Tokyo, Japan). Na'*l (37 GBg/mL) and
[la.2a(m-"Hlcholesteryl oleyl ether (*H-CE) (1.63 TBq/mmol) were
purchased from Amersham (Buckinghamshire, UK). LDL was iso-
lated by sequential ultracentrifugation in a density range of
1.019<density<1.064 from pooled plasma of apolipoproicin E
knockout mice (Jackson Laboratory, Bar Harbor, Me) or normal
human volunteers after overnight fasting. Human lipoprotein-
deficient serum (LPDS) (density>1.215 g/mL) was prepared by
ultracentrifugation.

Generation of Knockout Mouse

To generate ARH knockout mice, mutations were created by inser-
tional mutagenesis using the gene trap vectors developed by Lexicon
Genetics Incorporated (Woodlands, Tex), based on retroviral-based
gene trap technology previously reported.'* OmniBank Sequence
Tag 149604 corresponded to the insertion mutation in the third intron
of ARH gene in mouse chromosome 4 (Figure 1A). The line was
obtained from Lexicon Genetics Incorporated. All experiments were
performed with the F2-generation or F3-generation descendants,
which were backcrossed with the C57B)/6. LDLR knockout mice
(LDLR™'") were generated as previously described,’ which were
backcrossed to C37BI/6 mice. and were used for the study.

Southern Blot Analysis
Southern blot analysis was performed afier digestion of the DNA prepared
from liver with Apal. “P-labeled polymerase chain reaction products (239

Wild-type Locus

Mutated Locus

\ \/ AAAAR
Marker fusion transcript

e — A AN

OST fusion transeript

3405 bp — b

ARH cDNA — 1489bp
944 bp — 925bp
GAPDII cDNA —— 493bp
418 bp — 392bp

Figure 1. A, Strategy for insertional mutagenesis of the ARH
locus in the mouse genome. The gene trap vector contains a
promoterless splice acceptor sequence (SA} and BetaGeo,
which create marker fusion transcripts. The vector also contains
a long terminal repeat (LTR), a phosphoglycerate kinase-1 pro-
moter (PGK), Bruton tyrosine kinase (BTK), and a splice donor
sequence {SD). OmniBank Sequence Tag 149604 has an inser-
tion of the vector in the third intron of ARH gene. 8, Southem
blot analysis of liver DNA. DNA was digested with Apal and
hybridized with a probe comprising pertions of the mouse ARH
gene containing exon 3 and intron 3 {lanes 1 to 3) or neo gene
(lanes 4 to 6). Lanes 1 and 4, ARH™'*; lanes 2 and 5, ARH™'";
lanes 3 and 6, ARH~~. C, Reverse-transcription polymerase
chain reaction of ARH and GAPDH mRNA, Lane 1 and 2,
ARH**:3 and 4, ARH*"; 5 and 6, ARH™". Lane 1, 3, and 5 are
reverse-transcription plus; 2, 4, and 6 are reverse-transcription
minus. Lane 7 shows size markers, lambda DNA digested with
Sty1 for ARH, and phiX174 DNA digested with Hincll for
GAPDH.

C

bp) amplified from portions of exon 3 and intron 3 of the mouse ARH gene
with primers 5"-ATCATCCTGACCGACAGCCT-3" and 5'-
GGCACAACATAACCGACCTA-Y or neo gene fragment (850 bp)
derived from pBS64neo (Lexicon Genetics Inc) as probes according to the
standard procedure.'3

Reverse-Transcription Polymerase Chain Reaction
Total RNA was isolated from the liver of wild-type, heterozygous,
and homozygous mice using the acid guanidium thiocyanate-phenol-
chloroform method. as described.™

1I35I.L.DL Turnover Study

Mouse LDL was iodinated with "I by the iodine monochloride
method® to give a specific activity of ™I-LDL >200 cpm/ng
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