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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/1{vector/fpDNA). 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 (vector/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 immediately after
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-8
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 polymers at the charge ratio of 5/1
(vector/pDNA) 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). Effcct 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/I
(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=3),

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 pelymer chains can be optimized
as schematically shown in (Fig. 4). Changing the kind of
monomers can control the composition of the polymer 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,
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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 antosomal 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 "I-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 (Dil)-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]cholesteryt oleyl ether (CE)-labeled LDL was injected. In contrast, uptakes of [*H]CE-labeled LDL, '*I-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. {Cire Res. 2004;95:945-952.)

Key Words: autosomal recessive hypercholesterolemia ® knockout mouse m low-density lipoprotein receptor
= primary cultured hepatocytes ® OmniBank

ereditary hypercholesterolemia was first characterized

by Khachadurian and Kuthman in 1973! as severe
hypercholesterolemia with cutaneous 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-
emiza led to the discovery of low-density lipoprotein receptor
(LDLR) and identification of its genetic 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
never been fully characterized unti]l 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
cultured fibroblasts.

In 2001, Garcia et als mapped the ARH locus to chromo-
some 1p35 using six families of antosomal recessive hyper-
cholesterolemia (ARH). They identified six mutations of the
gene encoding a putative LDLR adaptor protein in these ARH
families. 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
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
inconsistency of the LDLR functions between in vitro and in
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vivo. In ARH patients, clearance of "*I-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 #-!! 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-medtiated 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 hypercholesteroiemia,
being consistent with clinical manifestation of the human
ARH patients.>7 The clearance of “*I-LDL was delayed, and
hepatic uptake of 1,1'-dioctadecyl-3,3,3’,3"-tetramethylin-
docarbocyanine perchiorate (Dil)-L.DL and of [*H]cholesteryl
oleyl 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 molecutar sieve columns (Skylight Biotech,
Inc).'s Cholesterol and triglycerides were measured using enzyme
assay kits (Wako, Tokyo, Japan). Na'*l (37 GBg/mL) and
[1e,2a(m)-*H]cholesteryl oleyl ether (*H-CE) (1.63 TBg/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 apolipoprotein 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.'s 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 C57Bl/6. LDLR knockout mice
(LDLR™") were generated as previously described,’”” which were
backcrossed to C57B!/6 mice, and were used for the study.

Southern Blot Analysis
Southern blot analysis was performed after digestion of the DNA prepared
from liver with Apal. P-labeled polymerase chain reaction products (239
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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. B, Southern
blot analysis of liver DNA. DNA was digested with Apal and
hybridized with a probe comprising portions 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 8, ARH™/~. G, Reverse-transcription polymerase
chain reaction of ARH and GAPDH mRNA. Lane 1 and 2,
ARH**: 3 and 4, ARH*'~; 5 and 8, 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 Hincl! for
GAPDH.

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

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.!”

5. LDL Turnover Study

Mouse LDL was iodinated with '*I by the iodine monochioride
method? to give a specific activity of *1-LDL 200 cpm/ng
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protein, Female mice of the genotypes of wild-type (ARH™™),
ARH*~, ARH™ , and LDLR™", 12 10 15 weeks of age, were fasted
for 13 hours. Three mice in each genotype received an intravenous
bolus via the external jugular vein of *[-labeled mouse LDL (5 ug
of protein). Blood was cotlected from the fail vein with heparinized
Pasteur pipette at the indicated timings. The plasma '™1-labeled apaB
was measured by isopropanol precipitation, foliowed by gamma
counting as previouosly described.!?

In Vive Hepatic Uptake of Intravenously

Injected Dil-LDL

Twelve-week-old female mice of the genotypes of wild-type,
ARH™, and LDLR™" were fasted for 13 hours. Each mouse received
an intravenous bolus via the external jugular vein of 50 pg of human
Dil-LDL (Molecular Probes Inc, Bugene, Ore). To detect nonspecific
incorporation of Dil-L.DL, 2.5 mg of unlabeled human LDL was
injected 2 minutes before 50 pg of Dil-LDL was injected, Two
minutes atter Dil-LDL injection, blood was collected for determina-
tion of cholesterol and lipoproteins. After 4 hours, the right atrium
was punctured, 10 mL of phosphate-buffered saline (PBS) was
injected via the lefi ventricle, and subsequently 10 mL of PBS
containing 4% paraformaidehyde. The tissues were immersed in PBS
containing 4% paraformaldehyde at 4°C for 12 hours, The liver
samples were frozen in liquid nitrogen and subjected to microscopic
analysis. To stain Kupffer cells, BM8 (rat antibody against mouse
pan-macrophage) (BMA Biomedicals AG, Augst, Switzerland) was
used as a primary antibody and fluorescein isothiocyanate-
conjugated rabbit anti-rat 1gG (DAKO Cytomation. Glostrup, Den-
mark) was used as a secondary antibody. The samples were observed
by confocal laser scanning microscopy (LSMS PASCAL; Zeiss, Co,
Tokyo, Japan).

Labeling of Human LDL With *H-CE

LDL was labeled with *H-CE according to the previousty described
method,?! with a minor modifications.

In Vive Hepatic Uptake of Intravenously

Injected *H-CE-LDL

*H-CE-LDL (0.8 uCi) was injected via the exiernal jugular vein of
wild-type (ARH*™), ARH™"", and LDLR™" female mice, 12 to 15
weeks of age. Blood was collected from the tail vein with heparin-
ized Pasteur pipetie at 2 minutes and 4 hours after the injection. The
blood was dispersed in chloroform/methanol, 2/1 (v/v). Immediately
after the second blood collection, 2 mg of human LDL was injected
via the inferior vena cava. Ten minutes later, the right atrium was
punctured and 20 mL of PBS was injected via the left ventricle three
times to wash the blood from the body. The liver was isolated,
immersed in chloroform/methanol 2/1 (v/v), and homogenized with
a polytron homogenizer. The lipid was extracted from the liver and
the blood by the method of Folch.?2 Radioactivity in each sample
was counted in a liquid scintillation counter using a scintillation
cocktail of toluene/Triton X100 (2:1) containing PPO (0.6%) and
POPOP (0.05%).

Preparation and Culture of Mouse Hepatocytes

Mice (14 to 16 weeks of age) of the indicated genotype were used for
the study. The livers were perfused via the portal vein and hepato-
cytes were obtained by the method of Seglen.?* After 24-hour
incubation in Waymouth MB 752/1 medium containing 10% fetal
calf serum in six-well plates, the cells were subjected to the study.

In Vitro Uptake of *H-CE-LDL Into Primary
Cultured Hepatocytes

The cells were incubated in Waymouth MB 752/1 medium contain-
ing 10% LPDS for 48 hours, and then incubated in DMEM
centaining 2% bovine serum albumin (without free fatty acid) and
*H-CE-LDL (5 to 100 mg/mL} for an additional 3 hours. Then, the
cells were washed twice with 150 mmol/L NaCl, 50 mmol/L of
Tris-HC (pH 7.4) containing 2 mg/mL of bovine serum albumin,
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and onee with the same buffer withoul bovine serum albumin. The
cells were incubated with LDL-releasing buffer (30 mmol/L NaCl,
10 mmol/L Hepes (pH 7.4), containing 10 mg/mL heparin) at 4°C for
I hour. After removal of the heparin-releasable fraction. 1 mL of
hexane/isopropyl alcohol (3/2) was added to the cells to extract lipids
in the cells?* After delipidation, the cells were dissolved in | N
NaOH and protein concentration was measured,

'#1.LDL Binding, Incorporation, and
Degradation Assays

Waymouth MB 752/1 medivm containing 10% LPDS was added to
the cells and incubated for another 24 hours. Binding, internalization,
and degradation of '**1-LDL were analyzed according to the method
previously described.25

Dil-LDL Incorporation Inte Primary
Cultured Hepatocytes
The cells were added to Waymouth MB 752/1 medium containing
10% LPDS and incubated for 24 hours. Then, the cells were washed
twice and incubated at 37°C for 3 hours with 50 pg/mL of Dil-LDL
in 0.2 mL of MEM containing 10% LPDS. Nonspecific incorpora-
tion was determined by parallel incubation in the presence of 20-fold
excess of LDL. The cells were washed three times with PBS
containing 0.2% bovine serum albumin, followed by washing twice
with PBS. The samples were observed with a laser confocal
microscopy.

An expanded Materials and Methods section is available in the
online data supplement at htip://circres.ahajournals.org.

Results

Generation of ARH Knockout Mice

OmniBank Sequence Tag 149604 {(Lexicon Genetics Inc)
corresponded to the insertion mutation in the third intron of
ARH gene in mouse chromosome 4 (Figure 1A). The mutated
allele encodes a marker fusion transcript and OmniBank
Sequence Tag fusion transeript instead of ARH mRNA. The
offspring heterozygous animals were mated to produce
ARH™, ARH*", and ARH™"" mice. Southern blot analysis
was performed to genotype the mice using a probe compris-
ing portions of mouse ARH gene containing both exon 3 and
intron 3 (Figure 1B) after digestion of DNA with Apal. Apal
site is not present in the insertion fragment used for devel-
opment of the knockout mice. Southern blot analysis with the
exon probe showed a 3405-bp band for the wild-type allele
and was observed in both the wild-type and ARH™'" mice,
whereas an 8581-bp band, the disrupted allele which was
produced by the insertion of 5176-bp fragment (Figure 1A),
was observed in ARHY™ and ARH ™" mice after digestion of
DNA with Apal. Southern blot analysis with neo gene probe
demonstrated that only one position and one copy insertion
event occurred in a mouse genome because ARH'Y™ and
ARH™" exhibited an 8581 bp.

To confirm that the mutated allele does not express the
mRNA, total RNA was isolated from the livers of the animals
of each genotype and analyzed by reverse-transcription poly-
merase chain reaction (Figure $C). A 944-bp band, the ARH
transcript that was expressed in wild-type and ARH""mice,
was not detectable in ARH™™ mice. The results thus con-
firmed that the insertion mutation by gene trap vector
disrupted the ARH gene expression.
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TABLE 1. Lipid and Lipoprotein Profiles of ARH Knockout
Mice {mean=SEM)

Total HOL LOL
Cholesterol,  Trigiyceride, ~Cholesterol,  Cholesterd,
mmol/lL mmol/L mmol/L mmol/L
Wild type
Male {n=>5) 268+014 1.04x026 249%012 0.17£0.05
Female (n=8) 257+022 078x0.07 220019 0.30+0.04
Heterozygote
Male (n=38) 2.92+014  1.00x013 278=011 013%0.03
Female (n=10) 2.82x0.19 076x006 240014 0.35+0.08
Homozygote
Male {n=5) 453+0.35t 1.20=0.10 3.10x052 1.01x0.21%

Female =8} 4.64+068f 1.09+018 296x0.30" 146044

*P<0.05.
§P<0.01 vs wild type.

Lipid and Lipoprotein Profiles of ARH Knockout Mice
Table 1 shows total plasma cholesterol, triglycerides, LDL
cholesterol, and HDL cholesterol levels of mice from litters
derived from the mating of ARH*'~ mice fed a normal chow.
Plasma total cholesterol levels were 1.8-fold higher in
~ ARH™ mice than those in ARH*"*. The elevation of total
. cholesterol was attributed to the six-fold increase of LDL
cholesterol. There was no significant difference in the plasma
cholesterol levels between ARH*™ and ARH*'* mice. Histo-
logical analysis of the liver showed that ARH™" mice at 12
weeks of age did not have fatty livers, which were observed
in our ARH patients.

1. LDL Turnover Study

To investigate the LDL metabolism in ARH deficiency,
2SL.LDL tumover study was performed in ARH™, ARH™",
ARHY™* (wild-type), and LDLR™ mice. The clearance of
L DL from circulation is demonstrated in a semi-
Jogarithmic plot in Figure 2. It was substantially retarded in
ARH™'" and LDLR™™ mice compared with wild-type mice.
The clearance rate of '“I-LDL in ARH™"™ mice was similar to
that in wild-type mice. The half-lives of the plasma "**I-LDL
were 11.7 hours in ARH™'~ and 6.0 hours in LDLR™"" mice,
and both were longer than those in ARH™'™ and wild-type
mice (2.8 hours).

Microscopic Findings in the Liver After Injection
of Dil-LDL

To study whether the delayed clearance of LDL in ARH™"
mice is attributable to impaired catabolism of LDL in the
liver, the liver specimen was examined after injection of
DiI-LDL in wild-type, LDLR™'", and ARH™'~ mice (Figure 3).
Kupffer cells were identified by fluorescein isothiocyanate
(Figure 3B, 3D, 3F, 3H, 3J, and 3L). Fluorescence activity
was detected in the cytosol of the hepatocytes and Kupffer
cells in wild-type mice, indicating that both types of cells
effectively take-up Dil-LDL (Figure 3A). Pre-injection af 2.5
mg LDL raised serum total cholesterol from 2.18£0.66
(mean*SD) mmol/L o 14.67+0.68 mmol/L, and LDL cho-
lesterol from 0.21+0.07 mmol/L to 11.42+1.09 mmol/L in
wild-type mice (Table 2). In this condition, the incorporation

Percent of Control (%) .

1

1 I T T
] 5 10 15 20 25
Time after Injection (hr)
Figure 2. '25|-LDL turnover study of wild-type (@), ARH*'~ (M,
ARH-'- (&), and LDLR~'~ {#) mice. After 13 hours of fasting,
wild~type, ARH*~, ARH~'~, and LDLR™"~ mice (three of each)
were injected with 5 pg of 21-LDL. After the indicated time,
blood was collected from the tail vein. The plasma content of
1%|.|abeled apoB was measured by isopropanol precipitation,
followed by gamma counting. The data are shown in semi-
logarithmic plots, and each data point represents the
mean=SEM for triplicate assay. *P<0.05, “P<0.01.

of DIiI-LDL into hepatocytes was decreased by the excess
amount of LDL in plasma (Figure 3C), whereas its incorpo-
ration into Kupffer cells was not affected. In conirast,
hepatocytes of ARH™ mice were stained less extensively
than those of wild-type mice by DiI-LDL fluorescence
(Figure 3I), indicating that the uptake of Dil-LDL by the
hepatocytes of ARH™'~ mice was smaller than that of wild-
type mice, and the presence of excess amount of LDL in
plasma did not influence this result (Figure 3K). The fluores-
cence in the hepatocytes of LDLR™ mice was also less
intense than that in ARH™" (Figure 3E).

In Vivo Hepatic Uptake of Intravenously

Injected *H-CE-LDL

Hepatic uptake of LDL was also investigated by injecting
H-CE-LDL. Four hours after the injection, the tritium count
in the blood decreased by 44% in wild-type mice, whereas it
did not decrease in either LDLR™" or ARH™™ mice (Figure
4A). The liver of wild-type mice incorporated 27.4+8.0%
(mean=SD) of the injected *H-CE-LDL, whereas 9.0* 1.0%
was incorporated in LDLR ™" mice and 11.8%0.5% in ARH™"
mice (Figure 4B). The amount of *H-CE-LDL taken-up by the
liver in ARH™" was significantly smaller than that in wild-
type mice but larger than that in LDLR™™ mice (P<0.05).

Incorporation of LDL in Primary

Cultured Hepatocytes

In an attempt to reproduce the in vivo observations in vitro,
incorporation of *H-CE-LDL was examined in primary cul-
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tured hepatocytes. Interestingly, the hepatocytes of ARH™"
mice internalized *H-CE-LDL as much as those of wild-type
mice, whereas the hepatocytes of LDLR™ mice took-up
significantly less *H-CE-LDL (Figure 5A). The cultured
hepatocytes of ARH ™~ mice bound larger amounts of ’I-
LDL than those of wild-type and LDLR™™ mice. The hepa-
tocytes of ARH™"" internalized and degraded "“I-LDL as
much as those of wild-type mice, which was significantly
more than those of LDLR™™ mice (Figure 5B through 5D).

Dil-LDL Incerporation in Primary .

Cultured Hepatocytes

To confirm the positive incorporation of LDL by the primary
cultured hepatocytes without ARH, the hepalocytes of
ARH™, LDLR™", and wild-type mice were incubated with
Dil-LDL and were observed by a laser confocal microscopy.
Fluorescence-positive substances were observed in the cy-
tosol of the hepatocytes of wild-type mice (Figure 6A), and
they were suppressed in the presence of excess amounts of
LDL (Figure 6B). The cultured hepatocytes of LDLR ™™ mice
showed very low fluorescence activity (Figure 6C and 6D). In
contrast, the hepatocytes of ARH™ mice showed fluores-
cence uptake of amounts similar 1o those observed for the

TABLE 2. Gholesterol Levels of Total, VLDL, LDL, and HDL
Fractions Before and After Administration of 2.5 mg LDL

Total VLDL iDL HDL
Cholesterol, Cholesterol, Cholesterol, Cholesterol,
mmol/L mmol/L mmaol/L mmal/L

Before After Before After Before After Before After

Wild-1 236 1430 002 199 042 1056 222 174

Wid-z2 272 1427 005 137 024- 1104 244 186

Wild-3 145 1545 006 210 026 1284 113 0N

Mean 218 1467 004 182 021 142 193 143

5D 066 068 002 039 007 109 070 063
VLOL indicates very-low-density lipoprotein.
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LDL + Dil-LDL

Figure 3. Microscopic findings of the liver
after injection of Dil-LDL. A, E, and |, The
liver from a mouse of each genotype 4
hours after the injection of 50 pg of Dil-
LDL. C, G, and K, The liver from a mouse
of each genotype, 4 hours after the injec-
tion of 2.5 mg of LDL, followed by 50 ug
of Dil-LDL. B, F, and J, The liver from a
mouse of each genotype, 4 hours after the
injection of 50 g of Dil-LDL. The speci-
mens were stained with rat anti-mouse
pan-macrophage antibody. D, H, and L,
The liver from each genotype of mouse 4
hours after injection of 2.5 mg of LDL, fol-
lowed by 50 ug of Dil-LDL. The specimen
was stained with rat anti-mouse pan-mac-
rophage antibody. The scale bar indicates
20 pm.

wild-type (Figure 6E), and this was efficiently suppressed by
excess amounts of LDL (Figure 6F).

Discussion

ARH knockout mice were developed by insertion mulation in
the third intron of mouse chromosome 4. ARH™"" mice had a
1.8-fold higher plasma total cholesterol than wild-type litter
males fed normal chow, and this was attributed to a six-fold
increase of LDL. Total cholesterol levels in ARH™™ mice
(Table 1) were slightly lower than those reported for LDLR™""
mice (5.90=0.23 mmol/L in male, 6.1820.2]1 mmol/L in
female),)” and cholesterol levels in ARH''™ mice
(2.92+0.14 mmol/L in male, 2.82+0.19 mmol/L in female)
were almost the same as those in ARH™" mice
(2.68+0.14 mmol/L in male, 2.57*0.22 mmol/L in female).
The hypercholesterolemia in our ARH™'™ mice appears to be
milder than that reported by Jones et al,'* who have recently
reported that total cholesterol levels were moderately higher
both in ARH™" mice (7.96=1.63 mmol/L) and in ARH""
mice (4.06+0.58 mmol/L) compared with that in ARH™
mice (3.26:+1.00 mmol/L) fed a chow containing 0.2%
cholesterol. The difference in the plasma total cholesterol
values between our ARH ™" mice and theirs may stem from
different cholesterol content of the diet, because the chow we
used contained 0.1% cholesterol.

The clearance of '*I-LDL from the circulation was signif-
icantly delayed in ARH ™" mice like in LDLR™" mice (Figure
2), indicating that the in vivo catabolic rate of LDL is
decreased in ARH ™'~ mice. The half-life for the disappearance
of ¥I-LDL in ARH ™~ mice (11.7 hours) was longer than that
observed in wild-type mice (2.8 hours) but not significantly
different from that in LDLR™ (6.0 hours). The LDL clear-
ance in ARH'™ mice was same as that in the wild-type mice,
suggesting that their LDL catabolism is normal. These results
appear to be consistent with the findings in the ARH
patients.’ '

To investigate the in vivo mechanism for the delayed
catabolism of LDL directly in ARH ™ mice, hepatic uptake of
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Figure 4. Hepatic uptake of intravenously injected *H-CE-LDL.
*H-CE-LDL was injected into a mouse of each genotype. The
blood was collected at 2 minutes and £ hours after the injection.
Immediately after the blood collection at 4 hours, 2 mg of LDL
was injected and equilibrated for 10 minutes. The blood was
washed from the body as described in the Methods section,
and the liver was isolated. Lipid was extracted from the liver
and the blood, and radioactivity was counted. Values are
mean+SEM. A, Percentage of remaining tritium radioactivity in
the mouse blood after 4 hours compared to that after 2 min-
utes. B, Hepatic uptake of tritium in the liver, 4 hours after injec-
tion, expressed as percentage of the total radioactivity injected
calculated from the count in the blood at 2 minutes after the
injection. *P<0.05, *P<0.01.

Dil-LDL was monitored. The fluorescence was recovered in
the cytosols of both hepatocytes and Kupffer cells of wild-
type mice (Figure 3A), and the fluorescence in the hepato-
cyles was suppressed by pretreatment with excess amounts of
LDL (Figure 3C), suggesting that Dil-LDL was incorporated
into the hepatocytes via the LDLR. Lower levels of Dil-LDL
were found in hepatocytes of LDLR™" and ARH™'™ mice
(Figure 3E, I). Because LDL cholesterol levels were higher in
ARH™ mice (1.01+0.21 mmol/L in male, 1.46=0.44 mmol/L
in female) than that in wild-type mice (0.17+0.05 mmol/L in
male, 0.3020.04 mmol/L in female), injected Dil-LDL may
become more diluted in ARH ™~ by their own LDL. However,
hepatic Dil-LDL uptake in ARH™ mice was much lower
than the observed uptake in wild-type mice when the excess
LDL was given to raise EDL cholesterol (11.42%1.09 mmol/
L). This indicates that the lower uptake of Dil-LDL in
ARH™" was not attributable to a dilution effect caused by
their high LDL levels (Figure 3C, I.

Small numbers of cells appeared highly flucrescence-
positive in the liver of mice of all the genotypes including
LDLR™" (Figure 3A, E, I). Their fluorescent activity was not

LDL (ng/m, g prot)

X16° mmoViL

X160 smmolL.

Figure 5. LOL receptor assay in primary cultured hepatocytes.
Hepatocytes were obtained from the wild-type, ARH™'~, and
LDLR™ mice, and cultured in Waymouth mediumn containing
10% fetal calf serum (day 0}. On day 2, the medium was
removed and the cells were washed twice. Then, the cells were
cultured in Waymouth medium containing 10% LPDS. On day 3,
the cells were subjected to LDL receptor assay. The data are
shown as the mean=SEM of quadruplicate assays. The experi-
ments were performed in the presence of 20-fold excess of LDL
for nonspecific binding. A, *H-CE-LDL incorporation of primary
cultured hepatocytes from wild-type (@), LOLR™'~ (4}, and
ARH™" (&) mice. *P<0.05, *FP<0.01 vs wild-type. B, #I-LOL
binding of primary cultured hepatocytes. C, "**I-LDL incorpora-
tion of primary cultured hepatocytes. D, "®I-LDL degradation of
primary cuitured hepatocytes.
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decreased by the presence of excess amounts of LDL (Figure
3C, G, K) and these cells were positively identified as
Kupffer cells by immunostaining with the antibody against
mouse macrophages (Figure 3B, D, F, H, 1, L). Thus,
Dil-LDL was incorporated into Kupfler cells via an LDLR-
independent pathway.

Hepatic uptake of LDL in ARH™'~ was also examined by
measuring the uptake of *H-CE-LDL by the liver. The tritinm
count in the blood decreased significantly in the wild-type
mice, whereas it did not change in LDLR™™ and ARH™ mice
(Figure 4A). This is in agreement with the I%1 L. DL turnover
study (Figure 2). The incorporation of *H-CE-LDL into the
liver of LDLR™™ and ARH™'™ mice was significantly lower
than that of the wild-type mice (Figure 4B), suggesting again
that the delayed turnover of LDL in ARH™" mice is attribut-
able to low LDL uptake by the liver. Interestingly, incorpo-
ration of *H-CE-LDL into the liver of ARH ™ is significantly
higher than that of LDLR™" (P<(0.05). This result implies
that the LDLR may function to incorporate LDL in the liver
to some extent in vivo even without ARH.

To examine in vitro LDLR activity in the cells of ARH™"
mice, the incorporation of ‘H-CE-LDL was measured in
primary cultured hepatocytes of ARH™'", LDLR™", and wild-
type mice (Figure 5A). The cultured hepatocytes of ARH™'"
incorporated a slightly smaller amount of *H-CE-LDL than
that of the wild-type, but much larger than that of LDLR™".
These findings were confirmed by '**I-LDL incorperation and
degradation experiments (Figure SC, D). The binding of
L1DL to the hepatocytes of ARH ™~ was larger than that of
wild-type (Figure 5B). Recently, Michaely et al?¢ reported
that the number of LDLRs on the cell surface of the
lymphocytes in ARH subject was increased 20-fold, and that
LDL binding activity was increased two-fold. The hepato-
cytes of ARH™ seemed to remain the characteristics of in
vivo status to some extent. To see whether LDL is incorpo-
rated into the cell or whether it remains on the cell surface,
the cells were incubated with Dil-LDL and observed by using
a laser confocal microscopy. The cytosol of the hepatocytes
of ARH™'™ mice was flucrescently stained, suggesting that

C E
- -
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Figure 6. Dil-LDL incorporation in pri-
mary cultured hepatocytes of wild-type,
LOLR™-, and ARH™~ mice. On day 0,
hepatocytes were obtained from wild-
type, ARH™'-, and LDLR™'~ mice, and
cuftured in Waymouth medium contain-
ing 10% fetal calf serum. After 4 hours,
the cells were washed with PBS and cul-
tured in Waymouth medium containing
10% LPDS. On day 2, the cells were
incubated with Dil-LDL with or without
20 times excess of LDL for 3 hours.
Then the cells were washed with PBS
and mounted. A, C, and E, Hepatocytes
fram each genctype of mouse incubated
with Dil-LDL. B, D, and F, Hepatocytes
from each genotype of mouse incubated
with Dil-LDL and excess of LDL. The
scale bar indicates 10 pm.

ARH”

Dil-LDL was internalized, like that of wild-type mice (Figure
6A, E). The resulis were highly consistent with the findings
that the LDLR in the cultured fibroblasts from the homozy-
gous ARH patients normally functioned, despite the fact that
LDL clearance in their blood was severely impaired.® This
suggests that the LDLR functions normally in vitro without
ARH protein.

The PTB domain of ARH protein has been shown, by
puli-down technique, to bind to the FDNFVY sequence of the
LDLR protein. ARH protein was also reported to interact
with clathrin and AP-2, and it is suggested to function as an
adaptor protein that couples LDLR to the endocytic machin-
ery. ARH patients have severe hypercholesterolemia caused
by delayed LDL ¢learance in vive, although they have normal
or subnormal levels of LDLR activity in their fibroblasts
when measured in vitro.® However, transformed lymphocytes
and monocyte-derived macrophages were unable to internal- .
ize LDL in ARH patients.’? Thus, the dependency of LDLR
function on ARH protein can be cell-specific. However, we
have demonstrated here that hepatocytes do not take-up LDL
in vivo without ARH protein, but they normally catabolize
LDL in vitro. Thus, the requirement of ARH protein for
proper functioning of the LDLR is not cell-specific, but rather
may depend on the cellular environment.

Hepatic uptake of *H-CE from LDL was shown to be
significantly higher in ARH™'~ mice than LDLR™" mice. This
may indicate that LDLR functions to some extent without
ARH, even in vivo. Some other adaptor proteins may com-
pensate for ARH by forming an LDLR~clathrin complex, or
the condition can be induced so LDLRs can be internzlized
without forming a clathrin complex. Our in vitro results
strongly indicate that these possibilities may be enabled in a
certain cellular environments.
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Adrenomedullin Gene Transfer Induces Therapeutic
Angiogenesis in a Rabbit Model of Chronic Hind
Limb Ischemia
Benefits of a Novel Nonviral Vector, Gelatin

Noriyuki Tokunaga, MD; Noritoshi Nagaya, MD; Mikiyasu Shirai, MD; Etsuro Tanaka, MD;
Hatsue Ishibashi-Ueda, MD; Mariko Harada-Shiba, MD; Munetake Kanda, MD; Takefumi Ito, MD;
Wataru Shimizu, MD: Yasuhiko Tabata, PhD; Masaaki Uematsu, MD; Kazuhiro Nishigami, MD;
Shunji Sano, MD; Kenji Kangawa, PhDD; Hidezo Mori, MD

Background—FEarlier studies have shown that adrenomedullin (AM), a potent vasodildtor peptide, has a varicty of
cardiovascular effects. However, whether AM has angiogenic potential remains unknown. This study investigated
whether AM gene transfer induces therapeutic angiogenesis in chronic hind limb ischemia.

Methods and Results—Ischemia was induced in the hind limb of 21 Japanese White rabbits. Positively charged
biodegradable gelatin was used to produce ionically linked DNA-gelatin complexes that could delay DNA degradation.
Human AM DNA (naked AM group), AM DNA-gelatin complex (AM-gelatin group), or gelatin alone (control group)
wiis injected into the ischemic thigh muscles. Four weeks after gene transfer, significant improvements in collateral
formation and hind limb perfusion were observed in the naked AM group and AM-gelatin group compared with the
control group (calf blood pressure ratio: 0.60+0.02, 0.72£0.03, 0.42%0.06, respectively). Interestingly, hind limb
perfusion and capillary density of ischemic muscles were highest in the AM-gelatin group, which revealed the highest
content of AM in the muscles among the three groups. As a result, necrosis of lower hind limb and thigh muscles was
minimal in the AM-gelatin group.

Conclusions—AM gene transfer induced therapeutic angiogenesis in a rabbit model of chronic hind limb ischemia.
Furthermore, the use of biodegradable gelatin as a nonviral vector augmented AM expression and thereby enhanced the
therapeutic effects of AM gene transfer. Thus, gelatin-mediated AM gene transfer may be a new therapeutic strategy for
the treatment of peripheral vascular diseases, (Circulation. 2004;109:526-531.)

Key Words: peripheral vascular disease m angiogenesis m gene therapy m ischemia

dreromedullin (AM) is a potent vasodilator peptide that
was originally isolated from human pheochromocyto-
ma.' AM and its receptor are expressed mainly in vascular
endothelial cells and vascular smooth muscle cells.>* AM
not only induces vasorclaxation but also regulaies growth and
death of these vascular cclls.®% These findings suggest that
AM plays an important tole in maintaining vascular ho-
meostasis in an autocring andfor paracrine manner.
A recent study has shown that vascular abnormalities are
present in homozygous AM knockout mice, suggesting

that AM is indispensable for vascular morphogenesis.!-13
More recently, AM has becn shown to activate the PI3K/
Akt-dependent pathway in vascular endothelial cells,
which is considered to regulate multiple critical steps in
angiogenesis, including endothelial cell survival, prolifer-
ation, migration, and capillary-like structure formation.”4
These results raise the possibility that AM plays a role in
modulating vasculogenesis and angiogenesis. However,
whether AM induces therapeutic angiogenesis remaing
unknown,

Received May 20, 2003; revision received September 25, 2003; accepted September 26, 2003,

From the Department of Cardiac Physiology, National Cardiovascular Center Rescarch Institute, Osaka, Japan (N.T., M.S., MK., HM.}; the
Department of Cardiovascular Surgery, Okayama University Medical School, Okayama, Japan (N.T., §.8.); the Department of Regenerative Medicine
and Tissuc Engincering, National Cardiovascular Center Rescarch Institute, Osaka, Japan (N.N,, T.1); the Department of Internal Medicine, National
Cardiovascular Center, Osaka, Japan {N.N., W.5., K.N.); the Departraent of Physiology, the Rescarch Ceater for Genetic Engincering and Cell
Transplantation, Tokai University School of Medicine, Tschara, Japan (E.T.); the Department of Pathology, National Cardiovascutar Center, Osaka, Japan
(H.1.-U.); the Department of Biochemistry, National Cardiovascular Center Research Institute, Osaka, Japan (M.H.-S., KK} the Department of
Biomaterials, Field of Tissue Engincering, Institute for Frontier Medical Sciences, Kyoto University, Kyoto, Japan (Y.T.); and the Cardiovascuiar
Division, Kansai Rosai Hospital, Hyogo, Japan (M.U.).

Correspondence to Noritoshi Nagaya, MD, Department of Regenerative Medicine and Tissue Engincering or Hidezo Mori, MD, Department of Cardiac
Physiology, National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita, Osaka 565-8365, Japan, E-mail nagayann @hsp.ncve.go.jp or
hidemori @ri.neve.go.jp

© 2004 American Heart Association, Inc.

Cireulation is available at hitp://www.circulationaha.org DOL: 10.1161/01.CIR.0000109700 81266.32

526



Tokunaga et al

We prepared biodegradable gelatin that could hold nega-
tively charged protein or plasmid DNA in its positively
charged lattice structure.'51¢ Biodegradable gelatin has been
widely uscd as a carrier of protein because of its capacity to
delay protcin degradation.!s Similarly, ionically linked DNA-~
gelatin complexcs can delay gene degradation. '® These find-
ings raisc the possibility that gelatin may serve 45 a nonviral
veetor for gena therapy.

Thus, the purposes of this study were (1) to investigate
whether AM gene transfer induces therapeutic angiogenesis
in a rabbit model of chronic hind limb ischemia and (2) to
examine whether the use of biodegradable gelatin as a vector
augments AM expression and thereby enhances the therapeu-
tic effects of AM gene transfer.

Methods

Animal Model

Al protocols were performed in accordance with the guidelines of
the Animal Care Ethics Committes of the National Cardiovascular
Center Research [nstitute. Twenty-one male Japanese White rabbits
(body weight, 2.9=0.1 kg: Japan Animal Co, Osaka, Japan) were
used for physiological and morphological assessment. In addition, 30
rabbits were used for radicimmuncassay, immunohistochemical
examination, and Western blot analysis. After anesthetization with
pentobarbital sodiam (30 to 35 mg/kg), a longitudinal incision was
made in the left thigh, extending inferiorly from the inguinal
ligament to a point just proximal to the patella. Hind limb ischemia
was indoced by Egation of the distal left external iliac artery and
complete resection of the left femoral artery, as described
previously.!?

Construction of Plasmid DNA

To constroct the expression vector for human AM, the EcoRIXhol
fragment of the full-length human AM cDNA was ligated into the
EcoRU/Xhol fragment of the pcDNALI-CMYV expression plasmid
(Invitrogen), To verify that the pcDNAL.1-CMV vector encoding
AM c¢DNA produces a biologically active AM protein, the expres-
sion vector was wansfected into 293 cells, and AM activity in the
transtected ceils was measured by high-performance liquid chroma-
tography and radioimmunoassey. The pcDNAL1-CMV vector en-
coding B-galactosidase (LacZ) ¢cDNA was used as a control DNA.

Preparation of AM DNA-Gelatin Complex
Biodegradable gelatin was prepared from pig skin. The gelatin was
characterized by a spheroid shape with a diameter of approximately
30 pm, water content of 95%, and an iscelectric point (pl) of 9 after
swelling in water.s16 Gelatin ¢an hold negatively charged protein or
plasmid DNA in its positively charged lattice structure (Figure 1A).
Dried gelatin (4 mg, pf 9) was added to human AM DNA solution
(500 pg/100 L, in phosphate-buttfered saline, pH 7.4). After mixture
of DNA and gelatin, DNA-gelatin complexes were incubated at 37°C
for 2 hours.
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Figure 1. A, Schema of DNA-gelatin complex. Bio-
degradable gelatin can hold negatively charged
plasmid DNA in its positively charged lattice struc-
tre. B, RITC-labeled AM DNA particles were
incorporated into gelatin.

To visualize incorporation of DNA into gelatin, AM plasmid DNA
was labeled with rhodamine B isothiocyanate (RITC), as reported
previously.'é In brief, the coupling reaction of RITC to plasmid DNA
was carried out by mixing the two substances in 0.2 mol/L. sodium
carbonate-butfered solution (pH 9.7), followed by gel filtration with
a PD 10 colomn (Amersham-Pharmacia). RITC-labeled AM DNA
was incorporated into positively charged gelatin (Figure 1B).

Study Protocol

Ten days after the induction of hind limb ischemia (day 10), AM
DNA (naked AM group, n=7), AM DNA-gelatin complex (AM-
gelatin group, n=7), or gelatin alone {control group, n=T7} was
administered intramuscuiarly into 3 different sites in the ischemic
adductor muscle and 2 different sites in the semimembranous
muscle. In addition, Lac Z DNA-gelatin complex served as a control
DNA (Lac Z-gelatin group, n=>5). The amount of plasmid was 500
ug (1 ml) and that of gelatin was 4 mg. Morphological and
angiographic analyses and measurements of calf blood pressore and
laser Doppler flow were performed 4 weeks after gene transfer (day
38). After completion of these measurements, the adductor, semi-
membranous, 4nd gastrocnemius muscles were weighed in each hind
limb.'® The muscle weight ratio was calculated for each muscle as
follows: muscle weight ratios=muscle weight in ischemic hind
limb/muscle weight in nonischemic hind limb. Specimens of the
adductor muscle of the ischemic hind limb were obtained for
histological examination.

Measurement of Calf Blood Pressure

Calf bload pressure was measured on days 10 and 38 in both hind
limbs with a Doppler flowmeter (Hayashi Denki Co, Ltd) and 2
25-mm-wide cuff. The pulse of the posterior tibial artery was
idlentified with the vse of a Doppler probe, and the systolic bloed
pressure in both hind limbs was determined by standard techniques.
The ¢alf blood pressure ratio was defined for each rabbit as the rmtio
of systolic pressure of the ischemic hind limb to that of the normal
hind limb."?

Laser Doppler Blood Perfusion Analysis .
Blood flow of the ischemic hind limb wags measured with the use of
a laser Doppler blond perfusion image systern (moorl.DI, Moor
Instruments) on day 38.

Angiographic Analysis

Development of collateral arteries was evaluated by angiography on
days 0 and 38, A 4F catheter was placed in the left internal iliac
artery through the common carotid artery, and 3 mL contrast medivm
(lopamiron 300, SCHERING) was injected with an automated
angiography injector at a rate of 2.5 mL/s. Quantitative angiographic
analysis of collateral vessel development in the ischemic hind Hmb
was performed with the use of 2 5-mm’® grid overlay, as described
previously.!? The angiographic score was calculated for each film as
the ratio of grid intersections crossed by opacified arteries divided by
the total number of grid intersections in the ischemic medial thigh.
The angiographic score was determined by 2 blinded observers.
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Morphological and Histological Examination

The degree of lower hind limb necrosis and thigh muscle necrosis
was macroscopically evaluated on graded morphological scales
(grade 1 10 3) for peripheral tissue damage and muscle necrosis area
of the adductor, semimembranous, and medial large muscles. Cap-
illary density of the ischemic hind limb was evaluated by alkaline
phosphatase staining, as reported previously.'” A total of 10 different
fields from three Qifferent sections were randomly selecied, and the
nomber of capillaries was counted under 2 x40 objective. Capillary
density was expressed as the mean number of capillaries per square
millimeter. The number of myofibers in each field was also exam-
ined and the capillury/muscle fiber ratio calculated.

Radioimmunoassay for Human AM

Human AM production was examined 1, 2, and 4 weeks after gene
mmansfer in the naked AM group, AM-gelatin group, and control
group (n=>5 each). The muscles were harvested for radioimmunoas-
say and immunohistochemical examination. Immunoreactive human
AM level in rabbit muscles was determined by immunoradiometric
assay with the use of a specific kit (Shionogi Co, Ltd)."® Tissue
content of vascular endothelial growth factor (VEGF) was examined
by ELISA kit (R&D systems).

Immunohistochemistry for Human AM, Ki67
Antigen, and Phosphorylated Akt

Ymmunchistochemical studies were performed on formalin-fixed,
paratfin-embedded 4-pum sections of ischemic thigh muscles 7 days
after gene transfer. To elucidate AM expression afier gene therapy,
immunohistochemistry for human AM was performed with the use
of a monoclonal antibody recognizing AM-(12-25) (1:100), as
reported previously.20 To evaluate the proliferative potential of AM,
tissue sections were stained for Ki67, a marker for cell proliferation,
with the use of monoclonal anti-Ki67 antibody (1:100) (DAKQ).
AM has recently been shown to promote proliferation of vascular
endothelial cells at least in part through the PI3k/Akt pathway?!
Thus, immunohistochemistry for phosphorylated Akt was performed
with mouse monoclonal anti-phosphorylated Akt antibody (1:100)
(Cell Signaling Technology).

Western Blot Analysis

To identify Akt phosphorylation in ischemnic muscles after AM gene
transfer, Western blotting was performed with the use of a commer-
cially available kit (PhosphoPlus Akt [Ser473] Antibody Kit, Cell
Signaling Technology). Ischemic muscles in the 3 groups were
obtained 7 days after AM gene transfer. These samples were
homogenized on ice in 0.1% Tween 20 homogenization butfer with
a protease inhibitor (Complete, Roche). After centrifugation for 20
minutes at 4°C, the supemasant was vsed for Western blot analysis.
The 50 pg of protein was transferred into sample buffer, loaded on
7.5% SDS-polyacrylamide gel, and blotted onto nitrocellulose mem-
brane through the use of a wet blotting system. After blocking for 60
minutes, the membranes were incubated with primary antibodics
(1:500) at 4°C overnight. The membranes were then incubated with
secondary antibodies, which were conjugated with horseradish per-
oxidase {Cell Signaling Technology), at a final dilution of 1:2000.
Signals were detected through the use of LumiGLO chemilumines-
cence reagents (Cel! Signaling Technology).

Statistical Analysis

All results are expressed as mean+SEM. Statistical significance was
evaluated by 1-way ANOVA followed by Fisher's analysis, Schef-
fe's F analysis, or Kruskal-Wallis test. A valve of P<Q.05 was
considered statistically significant.

Results

Physiological and Morphological Assessment
Complete resection of the left femoral artery resulted in a
similar decrease in calf blood pressure ratio among the 3
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Figure 2. A, Calf blood pressure ratio {ischemic/normal hind
limb} before {on day 10) and after {on day 38) gene transfer. B,
Measurement of laser Doppler flow on day 38. Data are
mean=SEM. *P<0.05 vs control group; TP<0.05 vs naked AM
group. C, Number of cases of each grade of lower hind limb
necrosis on day 38. Lower hind limb necrosis was minimal in
the AM-gelatin group. Number of necrosis or foot defect Is sta-
tistically significant among the 3 groups {P<0.05 by Kruskal-
Wallis test).

groups before the initdation of therapy (day 10) (Figure 2A).
However, the calf blood pressure ratio on day 38 was highest
in the AM-gelatin groups, followed by the naked AM group
and subsequently the control group, The laser Doppler flow in
hind limb was highest in the AM-gelatin group, followed by
the naked AM group and the control group (Figure 2B). The
calf blood pressure ratio and laser Doppler flow 4 weeks after
gene transfer did not significantly differ between the control
group and Lac Z-gelatin group. Lower hind limb necrosis was
minimal in the AM-gelatin group, followed by the naked AM
group and the control group (Figure 2C). Thigh muscle
necrosis was also minimal in the AM-gelatin group. Simi-
larly, the muscle weight ratio (ischemic/normal) on day 38
was highest in the AM-gelatin group (Table). Neither mean
arterial pressure nor heart rate significantly differed among
the 3 groups.

Angiographic Analysis

Angiograms 4 weeks after gene transfer (day 38) showed the
development of collateral arteries in the naked AM and

Physiological Characteristics

Caritrol Naked AM AM-Gefatin
No. of rabbits . 7 7 7
Body weight, kp 2.46:+0.06 265+0.10 3.16=0.09
MAP, mm Hg 112x3 114x3 1162
HR, beats/min 269+12 25345 2627
Muscle weight ratio 0.71x0.03 0.84x002* 0.95:+0.02"1

MAP indicates mean arterial pressurg; HR, heart rate; and muscle weight
ratio, ratio of muscle weight in ischemic hind limb o that in nonischemic hind
limb. Data are mgan=SEM.

*P<0.01 vs control group; TP<0.05 vs naked AM group.
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AM-gclatin groups compured with that in the control group
(Figure 3, A through C). Quantitative analysis of collateral
vessels demonsirated that the angiographic score in both the
naked AM and AM-gelatin groups was significantly higher
than that in the control group (Figure 3D). Angiographic
score did not significantly differ between the control group
and Lac Z-gelatin group.

To examine the development of collateral vessels in an

garlier stage, other rabbits (n=4 each) were examined 2

weeks after gene transfer (day 24). Angiograms showed
significant collateral development in the naked AM and
AM-gelatin groups compared with that in the control group.

Histological Examination

Alkaline phosphatase staining of ischemic hind limb muscle
showed marked augmentation of neovascularization in both
the naked AM and AM-gelatin groups compared with the
control group (Figure 4, A through C). Quantitative anatysis
demonstrated that capillary density of the ischemic adductor
muscle was highest in the AM-gelatin group (Figure 4D).
Analysis of the capillary/muscle fiber ratio yielded similar
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Figure 3. Representative angiograms of control
groug (A}, naked AM group (B), and AM-gelatin
group (C) on day 38. Collateral arteries were
well developed in the naked AM and
AM-gelatin groups. D, Angiographic score on
days 0 and 38 in each group. Angiographic
score on day 38 was significantly higher in the
naked AM and AM-gelatin groups than in the
control group. Data are mean=SEM. *P<0.001
versus control group.

resulis. Seven days after gene transfer, intense immunostaining
for Ki67 was observed in vascular endothelial cells of the naked
AM and the AM-gelatin groups (Figure 4, E through G).

AM Expression and Akt Phosphorylation After
Gene Transfer

Scven days after gene transfer, modest immunostaining for
human AM was observed in the naked AM group, whereas
AM immunoreactivity was intcnse surrounding the gelatin in
the AM-gelatin group (Figure 5, A through C). Tissue content
of human AM was significantly increased both in the naked
AM and the AM-gelatin groups 7 days after gene transfer
(Figure 5D). The AM level in the AM-gelatin group was
gignificantly higher that in the naked AM group, Two weeks
after gene transfer, AM overexpression was observed only in
the AM-gelatin group. The expression of endogenous VEGF
and its receptors (Flt-1 and Flk-1) did not differ among the 3
groups (data not shown). Western blot analysis revealed that
phosphorylated Akt in ischemic muscles was increased in
both the naked AM and AM-gelatin groups 7 days after gene
transfer (Figure SE). Intense immunostaining for phosphory-

Figure 4. A through C, Representative
* examples of alkaline phosphatase stain-

ing in ischemic hind limb muscles. Mag-
nification x200. D, Quantitative analysis
of capillary density in ischemic hind limb
muscles. Data are mean=SEM. *P<0.05
vs control group; 1P<0.05 vs naked AM
group. E through G, Immunohistochemi-
cal analysis of Ki67 antigen, a marker for
cell profiferation. Magnification x400.

Control  Noked AM  AMsgelatin

Conteol Naked AM AM-gelatin
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lated Akt was obscrved at least in endothelial cells of the
Naked AM and the AM-gelatin groups (Figure 5F).

Discussion

We demonstrated that (1) AM gene transfer induced hemo-
dynamic and angiographic improvements in association with
an increase in capillary density in a rabbit model of chronic
hind limb ischemia. We also demonstrated that (2) adminis-
tration of AM DNA-gelatin complexes markedly augmented
AM expression and thereby enhanced the therapeutic effects
of AM genc transfer.

AM has a variety of effccts on the vasculature that include
vasodilation,’*7 inhibition of endothelial cell apoptosis,®?
and regulation of smooth muscle cell proliferation.'® How-
ever, whether AM has angiogenic potential has remained
unknown. In the present study, intramuscular administration
of naked AM DNA augmented AM production in skeletal
muscles, as indicated by increased tissue content and signif-
icant immunostaining of AM. As a result, AM gene transfer
increased hind limb perfusion and amcliorated lower hind
limb and thigh muscle necrosis in a rabbit model of hind limb
ischemia. AM gene transfer may protect the ischemic hind
limb partly by improving the blood flow in the ischemic hind
limb because AM is originally identified as a potent vasodi-
lating peptide.! Nevertheless, angiographic collateral devel-
opment and high capillary density were observed in ischemic
muscles after AM gene transfer. Ki67, a marker for cell
proliferation, was detected in endothelial cells of microves-
sels after AM gene transfer. These results suggest that AM
overproduction resulting from gene transfer may induce
angiogencsis in a rabbit model of hind limb ischemia. Recent
studies using AM gene knockout mice have shown that AM
is essential for development of the vasculature during embry-
ogenesis.!1-1* These studies support ouor results that AM may
be an angiogenic factor. VEGF is known to induce angiogen-
esis and to regulate endothelial cell survival through the
phosphatidylinositol 3-kinase (P13K)/Akt pathway.? Thus,
the PI3K/Akt pathway is considered to regulate multiple

F Contral Naked AM AM-gelatin

Naked AM

Figure 5. A through G, Immunohisto-
chemistry for human AM 7 days after
gene transfer. Intense immunostaining
was observed surrounding gelatin in the
AM-gelatin group., Magnification X200,
D, Time course of AM production in is-
chemic muscles after gene transfer. Data
are mean=SEM. *P<0.01 vs control
group; 1P<0.01 vs naked AM group. E,
Western blot analysis for Akt phosphory-
lation in muscles. F, immunchistochemi-
cal staining for phosphorylated Akt 7
days after gene transfer. Phosphorylated
Akt was distributed at least in endothelial
cells. Magnification X400.

AM-gelatin

critical steps in angiogenesis, including endothelial cell sur-
vival, proliferation, migration, and capillary-like structurc
formation.™ A recent study has reported that AM promotes
proliferation and migration of human umbilical vein endothe-
lial cells at least in part through the PI3K/Akt pathway.2! The
present study demonstrated that phosphorylated Akt is in-
creased at least in endothelial cells after AM gene transfer.
AM gene transfer did not influence endogenous VEGF and its
receptors. Taken together, it is interesting to speculate that
AM may directly induce angiogenesis through the PI3K/Akt
pathway.

In the present study, we used positively charged biodegrad-
able gelatin as a nonviral vector. We have shown that basic
fibroblast growth factor (bFGF) is ionically linked with
gelatin, which enhances the angiogenic effccts of bFGF by
delaying protcin degradation.’s Thus, biodegradable gelatin
has been used as a carrier of protein. However, little infor-
mation is available regarding the therapeutic potential of
gelatin as a nonviral vecter for gene ransfer. In the present
study, we demonstrated that RITC-labeled AM DNA was
incorporated into positively charged gelatin. In addition,
intramuscular administration of AM DNA-gelatin complexes
strongly enhanced AM production compared with that of
naked AM DNA. These results suggest that biodegradable
gelatin may serve as a vector for gene transfer. In fact, AM
DNA-gelatin complexcs induced more polent angiogenic
effects in a rabbit model of hind }imb ischemia than naked
AM DNA, as evidenced by significant increases in histolog-
ical capillary density, calf blood pressure ratio, laser Doppler
flow, and muscle weight ratio and a decrease in necrosis of
lower hind limb and thigh muscles. These results suggest that
the use of biodegradable gelatin as a nonviral vector aug-
ments AM expression and enhances AM-induced angiogenic
effects. The angiogenic effects of AM-gelatin complexes
were comparable to those of bFGF-gelatin complexes (data
not shown). AM DNA-gelatin complexes were distributed
mainly in connective tissues. We have recently demonstrated
that gelatin-DNA compiex is readily phagocytosed by mac-
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rophages, monacytes, endothelial progenitor cells, and $o on,
resulting in gene expression within these phagocytes. 2
These findings ratse the possibility that AM sccreted from
these cclls acts on muscles in a paracrine fashion. Unlikc AM
production in the naked AM group, AM overexpression in the
AM-gelatin group lasted for Jonger than 2 wecks. Thus, it is
interesting to spcculate that delaying pene degradation by
gelatin may be responsible for the highly efficient gene
transfer.

Currently, a highly efficient and safc genc delivery system
is nceded for gene therapy in humans. The present study
demonstrated that the use of gelatin, which is considered to be
kess biohazardous than viral vectors, enhanced the angiogenic
potential of AM DNA. Thus, gelatin-mediated AM gene
transfer may be a new therapeutic strategy for the treatment of
severe peripheral vascular discases. However, the initial
success of gelatin-mediated AM gene therapy reported here
should be confirmed by long-term experiments, and extensive
toxicity studics in animals are needed before clinical trials.

Study Limitation

First, histological capillary density, calf blood pressure ratio,
and laser Doppler flow were significantly higher in the
AM-gelatin group than in the naked AM group. However,
the angiographic scorc did not significantly differ between
the two. This discrepancy raises the possibility that conven-
tional angiography may have insufficient resolution o fully
visualize the angiogenic microvessels. Second, human AM
level was slightly clevated in the control group. This implies
that the anti-human AM antibody used in this radicimmuno-
assay had some cross-reactivity with endogenous rabbit AM.
Nevertheless, human AM level in the muscles was highest in
the AM-gelatin group within 2 wecks after gene transfer.
These results suggest that AM DNA-gelatin complexes in-
duces potent and long-lasting AM production.

Conclusions

Intramuscutar administration of AM DNA induced therapeu-
tic angiogenesis in a rabbit model of chronic hind limb
ischemia. Furthcrmore, the use of biodegradable gelatin as a
nonviral vector angmented AM expression and thercby en-
hanced the therapeutic cffects of AM gene transfer. Thus,
gelatin-mediated AM gene transfer may be a new therapeutic
strategy for the treatment of peripheral vascular diseases.
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Changes in Lipoprotein Profile after Selective LDL Apheresis

Key words: bypercholesterolemia, low-density lipoprotein, apheresis
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Figure 1. Left panel: Lipoprotein profile of cholesterol. Both LDL and VLDL components were prominently re-
duced after apheresis and half of the pre-apheresis level was noted within 24 hours, with no changes in HDL.
Right panel: Lipoprotein profiles of triglyceride. Both LDL and VLDL components were prominently reduced
after apheresis and the pre-apheresis level was reached within 24 hours along with doubling of the HDL compo-
nent.

Low-density lipoprotein (LDL) apheresis has been used to treat patients with severe inherited forms of hypercholesterole-
mia. This procedure selectively removes apolipoprotein B-containing particles such as LDL, very-low density lipoprotein
(VLDL), and litpoprotein(a) {Lp(a)). However, lipoprotein profiles of both cholesterol and triglyceride are less weil under-
stood. A 33-year-old Japanese woman with homozygous familial hypercholesterclemia was treated once a week with selec-
tive LDL filtration from the age of 28 years old. Large xanthomas occurred on the eyelid, elbow, and both sides of the knee.
The plasma levels of total cholesterol, triglyceride, and Lp(a) were reduced from 390 to 121, from 322 to 27 and from 13
to 5 mg/dl immediately after apheresis (LIPOSORBER™ system) using dextran sulfate cellulose columns. HPLC analyses
(CCP & 8010 series, Tosch, Tokyo) of plasma before and after apheresis clearly showed a marked reduction of LDL and
VLDL, not only of cholesterol but also triglyceride components (Fig. 1). A rebound phenomenon after 24 hours was more
rapid for triglyceride than for cholesterol components.
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Identification of 21 single nucleotide polymorphisms in human hepatocyte
growth factor gene and association with blood pressure and carotid
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Abstract

It has been suggested that circulating concentrations of hepatocyte growth factor (HGF) are increased in individuals with vascular endothelial
damage, such as in hypertensive patients and subjects with atherosclerosis. Because the influence of genetic variation of HGF has not been
examined, we identified single nucleotide polymorphisms (SNPs) in the HGF gene, and investigated the association between these SNPs and
blood pressure or carotid atherosclerosis in the Japanese general population. We identified 21 SNPs in the HGF gene by direct sequencing
in a test population of 32 Japanese subjects. Among them, considering allele frequency and linkage disequilibrium, three SNPs, C-1652T in
the promoter, T438394 in intron 8, and T44222C in iniron 9, were genotyped in 2412 members of the Japanese general population randomly
selected from the residents in Suita city. None of the three SNPs were significantly associated with bleod pressure. After adjusting for age,
smoking habits, consumption of alcohol, and the presence of diabetes mellitus and dyslipidemia, female subjects with the T allele of T43839A
had more severe carotid atherosclerosis compared to individuals with the A allele. This study provides the first evidence that HGF may be a
candidate susceptibility loct that affects the progression of atherosclerosis in Japanese subjects.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Hepatocyte growth factor;, Hypertension; Atherosclerosis; Genetics; Polymorphism

1. Intreduction rats after partial hepatectomy [1], a number of investigations

have suggested that HGF is a multifunctional factor impli-

Endothelial cell dysfunction has been suggested as the
initiating process in the development and progression of
cardiovascular disease, and it is considered to be closely
related to the pathophysiclogy of human essential hyperten-
sion. There has been accumulating evidences that hepato-
cyte growth factor (HGF), mesenchyme-derived pleiotropic
factor, plays an important role in endothelial celi dysfunc-
tion. Since HGF was originally identified in the plasma of

* Corresponding author. Tel.: +81-6-6833-5012;
fax: +81-6-6872-7486.
E-mail address: takiuchi@hsp.neve.go.jp (8. Takiuchi).

cated in tissue regeneration and angiogenesis in not only
liver but also other tissues [2,3]. A local HGF system (HGF
and its receptor, c-met) is expressed in vascular cells [4],
and elevated serum HGF levels have been suggested to play
a cardiovascular protective role in hypertensive subjects,
especially those with concomitant arteriosclerosis [5-9].
Although an association between HGF and the severity
of hypertension was established, few reporis have investi-
gated the association between HGF gene polymorphisms
and blood pressure or atherosclerosis. The HGF gene is
composed of 18 exons encompassing 70kb on chromosome
7q11.2-921 [10]. In the present study, we screened for sin-

0021-9150/% — see front matter © 2004 Elsevier Ireland Ltd, All rights reserved.
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gle nucleotide polymorphisms (SNPs) in the HGF gene and
evaluated the significance of SNPs in high blood pressure
and carotid atherosclerosis determined by an ultrasonogra-
phy using a large cohort, the Suita Study, which was repre-
sentative of the generai Japanese population.

2. Methods
2.1. Subjects

The protocol of the Suita Study, described elsewhere
{11-14], was approved by the Ethics Committee of the
National Cardiovascular Center. The sample consisted of
14,200 Japanese men and women ages 30-79 years strati-
fied by gender and 10-year age groups, selected randomly
from the municipal population registry. They were all in-
vited by letter to attend regular cycles {every 2 years) of
follow-up examinations. DNA from leukocytes was col-
lected from participants who visited the Division of Pre-
ventive Medicine, National Cardiovascular Center between
May 1996 and February 1998. Subjects who gave their writ-
ten informed consent for genetic analyses of the genes were
included in the present study. All clinical data and geno-
typing results were anonymous, and all data was handled
in such a way that it was/will not be possible to identify an
individual.

The characteristics of the subjects analyzed in the present
study are summarized in Table 1. Blood pressure was
measured in the subjects after at least 10min of rest in
a sitting position. Systolic blood pressuie (SBP) and di-
astolic blood pressure (DBP) values are the mean of two

Table 1
Clinical Features of Study Participants
Men Women
Variables n = 1158 n = 1254
Age, v 61.0 £ 12.2¢ 589 + 11.7
Body mass index, kg/m2 231 £ 2.8* 23 £31
Systolic blood pressure (SBP), 1202 £ 10.1 1285 4+ 21.1
mmHg
Diastolic blood pressure (DBP), 81.0 £ 10.9* 788 £ 10.6
mmHg
Total cholesterol (FC), mg/dL 2046 £ 319 2159 + 329*
HDL cholesterol, mg/dL 54.1 £ 145 64,2 = 15.6*
Current alcohol consumer (%) 38,01 8.6
Current smoker (%) 71.51 29.1
Hypertension (%) 39,6 355
Diabetes mellitus (%) 9.1t 37
Dyslipidemia (%) 352 5131

Values are means == SDs or percentages.
Hypertension indicates SBP > 140 mmHg and/or DBP =90 mmHg or an-
tihypertensive medication; Dyslipidemia, TC > 220 mg/dL or antidyslipi-
demia medication; diabetes mellitus, fasting plasma glucose > 126 mg/dL
or antidiabetic medication.

* P < (.05 between men and women by Student’s t test.

T P < 0.05 between men and wornen by x? test.

physician-obtained measwrements (recorded >3 min apart).
Hypertension was defined as SBP >140mm Hg or DBP
>00mm Hg or the current use of antihypertensive med-
ications; diabetes mellitus was defined as fasting blood
glucose >126mg/dl, or the current use of insulin or oral
anti-diabetic agents; and dyslipidemia was defined total

_cholesterol >220mg/d! or the current uvse of antidyslipi-

demia medication at the time of the first examination,
2.2. Evaluation of carotid atherosclerosis

Carotid ultrasonography was performed for the evalua-
tion of atherosclerosis. Measurement methods were previ-
ously described f11,12]. Briefly, ultrasonography of both
carotid arteries was performed with a high-resolution Du-
plex scanner (TOSHIBA SSA-250A; probe, SMA-7368
mechanical sector scanner, Toshiba, Tokyo, Japan) for the
B-scan. The subjects were examined in the supine posi-
tion with their head slightly turned from the sonographer.
All measurements were performed by two trained sonog-
raphers, who were unaware of the subjects’ clinical data.
The carotid arteries were carefully examined with regard to
wall changes from different longitudinal (anterior oblique,
lateral, and posterior oblique) and transverse views, and
measurements of thickness were performed from transverse
image. Intima-medial thickness (IMT) was measured at a
point 10mm proximal from the beginning of the dilata-
tion of the carotid bulb, and Maximum-IMT (Max-IMT)
was defined as the maximum thickness of intima-media
including plaques from the region branching off from the
brachiocephalic artery (right) or aorta (left) to the bifur-
cation of the common carotid artery. Plaque Score was
calculated by summing the maximum thickness of all the
plaques in the bilateral carotid artery in the scanning area
{11,12].

2.3. Direct sequencing for the detection of
polymorphisms in the HGF genes

We obtained peripheral blood samples from 32 Japanese
volunteers for direct sequencing of the HGF gene after
obtaining written informed consent. Genomic DNA was
extracted with an NA-3000 nucleic acid isolation system
(KURABO, Osaka, Japan). Methods of direct sequencing
are described previously [15]. Briefly, all exons, a portion
of introns and a region up-stream of exon 1, which included
the promoter region of HGF, were amplified by polymerase
chain reaction (PCR). The PCR products were then treated
with shrimp alkaline phosphates and exonuclease I (PCR
Product Pre-Sequencing Kit, USB Corporation, Cleveland,
OH), and used as templates for direct single-pass sequenc-
ing using a BigDye Terminator v3.0 Cycle Sequencing
Ready Reaction kit (Applied Biosystems, Foster City, CA).
The reaction products were purified with a DyeEX 96 kit
(QIAGEN) and analyzed on an ABI PRISM 3700 DNA
analyzer (Applied Biosystems). The obtained sequences
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Table 2
Primers and TagMan Probes for Genotype Determination

HGEF SNPs Sequence

C(—1652)T (promoter)
Sense

Antisense

Probe for C(—1652)
Probe for T(—1652)
A43839T (iatron 8)
Sense

Antisense

Probe for A43839
Probe for T43839
C44222T (intron 9)
Sense

Antisense

Probe for C44222
Probe for T44222

5'-GGATTAGCAATAGAAACGGGTCAT-3
5'-CCCTGAGGTTGTGGGATATCTAGA-3
Fam-5"-AAAATAGATCCCTCAAAAG-3-MGB
Vie-5'-AATAGATCTCTCAAAAGG-Y-MGB

5'-TTCAGTAATTTGGGCAGAGTCAGT-3
5'-ACGTTGGTGAAGTCAGCGCTAT-¥
Fam-5-AGTCCAAAAAGTTAGAACT-3-MGB
Vic-5'-AGTCCAAAATGTTAGAAC-3'-MGB

§-GCTGGCTTGCAAACAAAATCA-Y
5'-GGCTTAGAACTGTGGCTGTCAGT-3
Fam-5'-TTTGAAGCTGGATTTT-¥-MGB
Vie-5'-TTGAAGTTGGATTTTT-3'-MGB

were examined for the presence of a polymorphism using
Sequencher software (Gene Codes Corporation, Ann Arbor,
M), followed by visual inspection.

2.4, Genotyping of SNPs in the HGF genes

Three SNPs were genotyped using the TagMan system
[14,16]. PCR primers and probes for the TagMan system
are shown in Table 2. Fluorescence level of the reaction
products was measured by use of ABI PRISM 7700 or 7900
Sequence Detection System (Applied Biosystems).

303
2.5. Statistical analysis

Values are expressed as the mean £ S.D. or mean + S.E.
Multiple regression and multiple logistic analyses were per-
formed with the covariates age, body mass index, smoking,
current alcohol consumption, presence of diabetes and/or
dyslipidemia using the SAS version 6.0 (SAS Institute Inc.,
Cary, NC). Differences in frequency among the groups were
tested by x? analysis. Linkage disequilibrium was evaluated
by obtaining 7 values between polymorphisms using SNPA-
lyze ver. 2.0 (DYNACOM Co., Ltd., Shigehara, Japan).

3. Results
3.1. Detection of genetic variants in the HGF gene

We systematically searched the sequences obtained for
SNPs in 32 volunteer subjects and identified 21 SNPs in-
cluding 8 SNPs in the HGF promoter, 1 SNP in exon and 12
SNPs in intron regions (Table 3). Ten of these SNPs have
been deposited in the public database previously, db SNPs
(http://www.ncbi.nlm.nih.gov/SNP/), but 11 of the identified
SNPs were novel, Thirteen SNPs had their minor allelic fre-
quency less than 10%, therefore no further studies of these
SNPs were undertaken. Six SNPs were in tight linkage dis-
equilibrium, therefore one of them, C44222T, was selected
as a representative. Thus, three SNPs, C(-1652)T, A43839T
and C44222T were chosen for further genotyping analysis
(Table 3).

Table 3

List of 21 Polymorphisms and Alele Frequency in HGF Identified in 32 Japanese Patients by Direct Sequencing

allele lallele 2 allele 1 allele 2 allele frequency

SNPs aa info. region homo  hetero homo  fotal allele i  allele 2 flanking sequence dbSNP ID
C(—-2142)A promoter 28 4 0 32 0.938 0.063 tggaatggggt{c/a)tiatgagetacy

G{—1965)T promoter 31 1 ¢ 32 0.984 0.016 atgectegectt[g/tlggeragaatgaa

G(—1903)A promoter 30 i 0 3 0.984 0.0i6 getgattctgagig/alicticatitggg

C(—1652)T promoter 10 16 5 31 0.581 0.419 ataaaatagatc[c/t]ctcaaaaggaat rs3735520
G(—1268)C promoter 30 1 0 31 0.984 0.016 teictgaatcaalg/cltgagegatctee rs3735521
—(—-1215)C promoter 27 4 0 31 0.935 0.065 taggagtceece[-/clatgeccatacaa

T(—955)C promoter 31 1 0 32 0.984 0.016 ggacaatgactg[t/clitctiggactit

T(—578)C promoter 31 1 0 32 0.984 0.016 aactagacagat{t/claggagcigggac

T40171-* intron7 1] 7 25 32 0.109 0.891 taagttttittt[t/-] gtgtegtittt rs5745686
A43839T intron8 17 14 1 32 0.750 0.250 ctgagtccaaaaja/t]gttagaactcta 152286194
C44222T* intron9 0 7 25 32 0.109 0.891 ccaagttigaag[c/tltggatttictt rs2887069
CA9065T* iniron9 0 7 25 32 0.105 0.891 . acttgtaaaaaalc/t]ctititgtttta

T49080C* intron9 0 7 25 32 0.109 0.391 tittgttttateft/clgectigatatte

A52603G* intronl0 0 6 26 32 0.094 0.906 cetgttgttteca/glcagteatatctt 51800793
G58294A intron1l 31 1 0 32 0.984 0.016 gectggptgacalglalaatgagactetg

T59941A intron13 31 1 0 32 0.984 0.016 agggcacctggplt/algaggcagtaaaa 13745739
T59984G* intronl3 26 6 0 32 0.906 0.094 tgctigecagact/g]gtaageictgga 152074725
G62753T introni4 31 1 0 32 0.984 0.6 tttgetettaag[g/t]ttataatatgta 155745745
G63355T Asp543Tyr  exonlS 31 1 0 32 0.984 0.016 agagacttgaaa[g/t]attatgaagett

AB4588G intron17 " 31 1 0 32 0.984 0.0t6 atgtgaggtaaafa/glaggaagttettt

T67183C intronl? 3 1 0 32 0.984 0.016 titaattcetaalt/glaatacttegtit rs5745767

Three SNPs underlined had the minor allele frequency over 10% and were selected for genotyping in this study.
* Six polymorphisms are in strong linkage disequilibrium (r-square > 0.5).



