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ABSTRACT

Recombinant Adeno-associated Virus-Mediated Gene Transf in

Homocystinuria Mice

Eun-Sook Park

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jin-Sung Lee)

Homocystinuria is a metabolic disorder caused by a defigieof
cystathioninep -synthase (CBS). Patients with homocystnghow clinical
symptoms such as mental retardation, lens dislocationcwas disease
with life-threatening thromboembolisms and skeletal d®fties. Generally,
the major treatments for CBS deficiency include pharmagiolodoses of
pyridoxine or dietary restriction. However, there is noeeffve treatment
for this disease up to now and gene therapy can be an atwaaiwvel
approach to treatment of the disease. We investigated wheth
recombinant adeno-associated virus could be used as a CBS& tgansfer
vector to reduce the excessive homocysteine level in theohgstinuria
mouse model. Recombinant adeno-associated virus vectoodielg the
human CBS gene (rAAV-hCBS), driven by EEl-promoter, was infused

into CBS-deficient mice (CB’S) via intramuscular (IM) and intraperitoneal



(IP) injection. IP injection was more efficient than IM icjgon for
prolongation of lives and reduction of plasma homocystdaels. After 2
weeks of gene transfer by IP injection, serum homocysteievell was
significantly decreased in treated mice compared with tlye-raatched
controls and the life span was extended about 1.5 times., Alsreased
expression of CBS gene was observed by immunohistochemsiaaling in
livers of treated CBS mice and microvesicular lipid droplets was
decreased in cytoplasm of liver. These results demonsttae possibility
and efficacy of gene therapy by AAV-mediated gene transfer i

homocystinuria patients.

(T T T T T T T T T

Key Words: homocystinuria, cysthathionine - synthase (KBS

homocysteine, adeno-associated virus (AAV), gene therapuse

-2 -



Recombinant Adeno-associated Virus-Mediated Gene Tranef in

Homocystinuria Mice

Eun-Sook Park

Department of Medical Science

The Graduate School, Yonsaei University

(Directed by Professor Jin-Sung Lee)

|. INTRODUCTION

Homocystinuria (MIN 236200) is an autosomal recessively
inherited disorder caused by deficiency of cytathioniesynthase (CBS).
The major clinical symptoms include mental retardatiomsledislocation,
vascular disease with life-threatening thromboembolisrand skeletal
deformitied’ % A large number of mutations in different regions of the
human CBS have been found in patients with homocystinuriaitahibns
in the CBS gene can alter mRNA stability or enzyme stabiligagtivity,
PLP binding, heme binding, or allosteric regulafion

The human CBS enzyme, a pyridoxal 5-phosphate-dependent
enzyme, converts homocysteine to cystathionine in the stsaffurration
pathway of the methionine cycles. The enzyme is 551 aminalsadn

length, forms a homotetramer of 63kDa subunits and requpgsdoxal



phosphate and heme for actiVify Each subunit binds two substrates
(homocysteine and serine) and is further regulated by
S-adenosyl-L-methionine (AdoMet), allosteric regulatwhich activates the
enzyme ~ 2-fold Structure of enzyme consists of the catalytic domain
located in the N-terminal 409 amino acids and a regulatorynalo
located in the C-terminal 142 amino adlds Mutations found in patients
with homocystinuria are distributed widely in the catatytand regulatory
domains of human CBS (for a continuously updated list of mi@n 130
mutations, seehttp://www.uchsc.edu/sm/cbs/db% Interestingly, deletion of
the C-terminal regulatory region or specific point mutatowithin this
region can functionally suppress the phenotype of sever@B5 Gnutant
alleles found in homocystinuria when expressed in yéast

A lack of CBS activity causes homocysteine accumulation af w
as export of homocysteine from the cell, leading to hyperbheyateinemia,
which may be toxic to cells. Moreover, it perturbs the medligih cycle,
such as intracellular accumulation of S-adenosyl homeayst which has
consequences for cell metabol®m The elevated homocysteine
concentration has been shown to be a potential risk factor fo
cardiovascular diseasés’, neural tube defects and Alzheimer's disea¥e
Several studies have shown that homocysteine induces texlidbt
dysfunction and injury/"*®

Current treatment of CBS deficiency includes (i) the adsimiion
of pyridoxine to putatively stimulate the residual CBS waityi (i)
restriction of dietary methionine intake to decrease thedlin the affected

pathway; (iii) supplementation of cysteine to correct eyst deficiency;



and (iv) administration of betaine, folic acid and cobalanid facilitate
the remethylation of homocysteine back to methiofiineHomocysteine
(Hey) reducing therapy delays the development of the dinisymptoms,
and markedly reduces the risk of vascular eVv&Ats suggesting
involvement of Hcy in the pathogenesis. However, approt@gas50 % of
CBS-deficient patients are biochemically responsive toarptacological
doses of pyridoxine and treatment must be continued fof. lifeffective
and long-term treatment to reduce homocysteine level in Hewere
homocystinuria is needed. Gene therapy is an attractiveelnapproach to
treatment this disease because it is effective, sustaimetl stable other
than treatments. However, gene therapy for homocystinbea not been
tried.

In this study, we used the recombinant adeno-associateds vir
(rAAV) vector as a gene delivery vehicle. rAAV is an attraeti vector
for use in gene therapy as wild-type AAV is not associatedhwiuman
disease, but is naturally defective requiring helper adiens or herpes
simplex virus (HSV) coinfection for replication. rAAV vents deleted for
all viral proteins, leaving only the two 145-bp inverted ndmal repeats
which are sufficient for packaging and integrafiof, thereby reducing the
risk of toxicity and immune respon$éé’ rAAV has been proven to
transduce effectively both dividing and nondividing celach as those of
the eyé® heart’, brairf’, liver®, lungs®, and muscl&, and lead to stable
long-term gene expressiori- It has been widely used for gene therapy in
inherited diseases such as hemophilid*®® cystic fibrosis (CF and

Fabry diseasé with promising results



In this study, we tested the efficacy of delivery of human CBS
cDNA in a murine model with homocystinuria, the CBSand CBS"

mouse, using recombinant adeno-associated virus vectors.



[I. MATERIALS AND METHODS

1. Animals and Procedures

All animal experiment was carried out in accordance with our
institutional guidelines. C57BL/6J-CB4”™ mice were obtained from the
Jackson Laboratory. The genotype of the mice was identitigd PCR
using genomic DNA obtained from tail biopsies as describedoth
homozygous CBS-deficient mice (CIé)S and heterozygous CBS-deficient

mice (CBS/') were used as models of hyperhomocysteinemia.

2. Cdl Lines

Human embryonic kidney cell line, 293T, hepatoma cell line,
HepG2, and NIH3T3 cell lines were propagated in Dulbecco ifieatl
Eagle medium supplemented with heat-inactivated 10 % fet@ine serum

and antibiotics.

3. Cloning of human CBS cDNA

To synthesize human CBS cDNA, liver total RNA was isolated
from a HepG2 cell line, human hepatoma cell, and then RT-PCi& w
carried out as described. Full length and mutated CBS cDNAintp
mutation and deletion of regulatory domain of CBS gene weamstucted.

Full-length normal and mutated human CBS cDNA were clonetb in
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pGEM-T Easy Vector (Promega). Verification of the identiy the hCBS
cDNA was performed by DNA sequencing. The nucleotide secggrwere
referred to NCBI GenBank (Accession No.NM_000071).

4. Production of rAAV-hCBS Viral Vector

The vector plasmid, pAAV-EF-hCBS-WPRE-BGHpoly(A), based
on AAV type 2, was constructed as previously describedith minor
modification. The human CBS cDNA was cloned into the uniqueofd
site of the vector backbone. Large-scale production of rABRhCBS
vector was carried out in an adenovirus-free system by etriphnsfection
with the vector plasmid and two additional plasmids, the/aap plasmid,
pAd/AAV, and the adenovirus helper plasmid, pAdl2. All #relasmids,
pAAV-EF-hCBS-WPRE-BGHpoly(A), pAd/AAV, and pAdl2, were
transfected into 293T cells using calcium phosphate. Adigrh, cells were
collected by centrifugation and resuspended in 5 mL of &sdissociation
buffer (140 mM NaCl, 5 mM KCI, 0.75 mM KHPQ,, 25 mM Tris-HCI,
pH 7.4). The resuspended cells were lysed by freezing andiriba The
cell pellet was thawed at 37 °C, and Benzonase (Sigma, StislL.ddO)
was added to a final concentration of 20 U/mL. Sodium deogiatk
(Sigma) was added to a final concentration of 0.5 % and th@ession
was incubated for 1 h. The homogenate was purified and ctrated by
cesium chloride (Sigma) density gradient ultracentrifiaya Fractions with
a refractory index of 1.371~1.373 were pooled and dialyz8dERCE
Biotechnology, Rockford, IL) against PBS. Refractory &l were

_8_



determined using a refractometer (Leica, Buffalo, NY). Th®AV-hCBS
genomic titer was determined by real-time quantitative P@&ing the
ABI7700 (Perkin-Elmer/Applied Biosystems, Foster City AXC in which
the signal from aliquots of test material was compared withstandard
signal generated using the linearized pAAV-EF-hCBS-WHREHpoly(A)

plasmid.

5. Administration of rAAV viral vectors

HCU mice (Cbé’) used for in vivo gene transfer were 5 - 6 days
of ages. A 50-100pl of containing 2 x 16 of rAAV-hCBSfull and
rAAV-hCBSdel was slowly delivered using an insulin syringeith a
29-gauge needle by IP and IM injections, respectively. Week-old
CBS™ mice were anesthetized with ketamin/xylazine and injectétth 1 x
10" viral particles of rAAV-hCBSfull and rAAV-hCBSdel into heypic
portal vein. Blood samples were collected at various timeéntso The
liver, kidneys, heart, intestine, peritoneum and lungs ewéolated from
each rAAV-injected CB% and CBS" mouse along with age-matched

wild-type control and untreated CBSand CBS" mice for analysis.

6. Plasma Homocysteine assay

Blood samples obtained were collected into tubes contgirGirbM
EDTA and immediately refrigerated at 4C . Blood samples were

centrifuged at 1,000g for 10 min at 4C . The plasma obtained was

_9_



separated and stored at -80C . Plasma homocysteine level was
determined by HPLC (HPLC/fluorescence detector, Bio-RaBD03eries,
USA) with fluorometric detection, using a commercially @dable protocol.

The method involves deproteinization of a small sample mauof plasma

(50 ul) followed by HPLC and homocysteine level was deteadinby
HPLC reagent kit (Bio-Rad).

7. CBS enzyme assay

CBS enzyme assay was performed as previously described
method’. Briefly, the cells and the frozen tissue were homogenized i
0.1 M KHPQ, buffer (pH 7.0) containing 3 mM dithiothreitol, and
sonicated. The homogenate was centrifuged at 13,000 x gdomid at 4
°C, and the supernatant was used for the CBS enzyme assay.CBBe
enzyme assay was performed in 100 pL containing 0.1 M Tris-KHEl
8.6), 25(uM pyridoxal 5-phosphate, 0.5 mg/ml bovine serum albumirl, O.
uCi [“C]serine (Amersham, Buckinghamshire, UK), 1 mM cystathien
and 100ug of crude extract, and the mixture was preincubated for 5 min
at 37 °C in the presence or absence of 1.0 mM SAM
(S-adenosyl-L-methionine). The reaction was initiated [agdition of
L-homocysteine (final concentration, 10.0 mM) and incidratfor 2 hr at
37 °C. The assay was terminated by cooling to 0 °C in an ice.bath
Proteins were precipitated by centrifugation at 12,000 xog 0 min. The
50 pL of supernatant was then concentrated to 10 pL and athlpy a

thin layer chromatography (TLC Silica Gel 60 plates, Merdxarmstadt,

_10_



Germany) and developed in butanol/ acetic acid/ distillegtew (60:15:25,
viviv) at room temperature. The'C]cystathionine was separated from
[“"C]serine by ascending TLC. The enzyme activity was assaygd b
measuring the production of ““[lcystathionine from C]serine.
Quantification ~ for  radioactivity —of ''Clserine and  converted
[C]cystathionine was done using the ImageQuant, after Nzs@n with

a Phospholmager (Molecular Dynamics).

8. Western blot analysis

Protein extracts were isolated from transduced NIH3T3scelhd
HepG2 cells. Proteins (3Qug per lane) were separated by SDS-PAGE
using 10 % polyacrylamide gels and transferred to nitrotedle membrane
(Life Technologies, Gaithersburg, MD). The membrane wadridzed
with a 1:7,500 dilution of rabbit antibody against human CBfd
subsequently with a horseradish peroxidase-conjugatedradabit antibody
(Santa Cruz Biotechnology, Santa Cruz, CA). The signals ewénen
visualized using ECL-Plus enhanced chemiluminescencentgSaCruz

Biotechnology).

9. Tissue distribution

To assay distribution of recombinant viral vector in livenda
other organs, RT-PCR was performed. Total RNA was isolatsthgu a

TRI REAGENT (MRC Inc. USA). RT reaction was conducted using01
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pmol/uL random primer (TAKARA SHUZO, Japan). For detectiaf
specific human cystathionin@- synthase sequence, the following primers
were used with 25 pmol: forward primer,
5" CAAGTGTGAGTTCTTCAACGCGY3’ reverse primer,
5'GGGATGAAGTCGTAGCCGATC3". These primers amplified a 6bp
product. Primers to mouse GAPDH were used as an internalrato(830
bp) (forward primer, 5 CCCACACTGTGCCCATCTAC3  reverse inper,
5’AGTACTTGCGCTCAGGAGGA3). After PCR amplification, samhas
were electrophoresed on 1% agarose gels and visualized ethifdium

bromide.

10. Histologic examination

The liver tissues were fixed in 4% formaldehyde, embedded in
paraffin, and sectioned into uth. Paraffin sections were stained with

hematoxylin and eosin, and examined by a specialized pajtsbl

11. Immunohistochemical staining

Livers were removed from the mice administered rAAV-hCBSI an
age-matched control. The sections were incubated with-GBE antibody
(1:2,000 dilution) at 4 °C overnight. Anti-rabbit IgG used &econdary
antibody was incubated for 1h at RT. The immunoreaction wiasialized
by treating the sections with DAB+substrate chromogen eetdor 20 sec

at RT. Tissues were counterstained with hematoxyline, diettgd through

_12_



graded concentration of alcohol, cleared in xylene, andexsiypped.

12. Statistical analysis

The statistical significance levels of differences betwegroups

were determined using test. The data are presented as mean + SD. The

p value less than 0.05 was used as a significance range.

_13_



. RESULTS

1. Construction of transgene

The transgene, human CBS cDNA, was driven by a human
elongation factadt - «a promoter endowed with more stability by
woodchuck hepatitis virus posttranscriptional regukata@lement, WPRE,
and the polyadenylation site was provided by the BGH poly. (Ahe
human CBS cDNA encodes for 551 amino acids and mutations in
C-terminal region of the gene contained as; deletion of r@it@al, A420 -

551 (419 a.a + stop codon) and point mutation (Q451G) (Fip. 1.

Map of pAAV/EF-CBSfull-WPRE-. Po{yA

Map of pAAV/EF-CBSfuil*-WPRE-PolyA

-
- 5 l: — o

Map of pAAV/EF-CBS3 del-WPRE-PolyA

—{ promoter CBS3°de ; ; TR

Figure 1. Schematics of vector constructs. CBS*: Point tiain the
regulatory domain (Glu451Gly). CBS 3'del: Deletion in thegulatory
domain (419a.a + Stop). WPRE : Woodchuck hepatitis virus

posttranscriptional regulatory element.
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2. Expression and activity assay of rAAV-hCBS after in vitro

transduction

We used NIH3T3 cells as a negative control cell line for fime
vitro assay because CBS activity is not present in theses celld3TH
cells were infected at MOI of 5,000 and 20,000 at 60% cell tgn3wo
days after infection, protein was isolated from rAAV-hCB@nsduced and
untransduced cells, and used for detection of enzyme esipresand
activity (Fig. 2). The rAAV-hCBS transduction resulted inurhan CBS
expression in the transduced cells, but there was no expnesa the
untransduced control (Fig. 2A). Protein bands (63 kDa) webserved in
HepG2 positive control cells and transduced cells, using né-hCBS
antibody. The enzyme activity assay measuring the coroersif [“C]
serine to f'C] cystathionine also showed results consistent with the
Western blot analysis (Fig. 2B). Thesa vitro results confirmed that the
rAAV-EF1a-hCBS vector was capable of delivering a functional transge
to the cells. We compared enzyme activity with full lengthd acrterminal
mutant forms in CBS gene. rAAV contained full-length of CBXng
showed higher activity compared to mutant form. CBS enzyroivity is
stimulated 2-3-fold by the addition of S-adenosylmethieni(AdoMet}. In
this study, rAAV contained wild-type CBS increased enzynotivily 1.5 ~
2 times in presence of Adomet (S-adenosyl-L-methionine MEAMutant
form was somewhat less active than wild-type CBS and thetidaldorm

exhibited no AdoMet stimulation.
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A S5X 108 MOI 2X 108 MOoT

HepG NC Full Full*  3°del Full  Full* 3 del

- S — S T—— - 63 kDa
CBS e = 49 kDa
fractifl | —— o S — — — —
B
25
OSAM(-)
o ] OSAM(+)
= e =
215 |
g
=
2t
o
7
Mos5 +
0 1 1 1 1
HepG Full Full* 3dd Full Full* 3dd
5X 10° MoTI 2X 168 MOI

Figure 2. Western blot analysis and enzyme activity assayNiH 3T3
cells infected with rAAV-hCBS. Analysis was performed at 2yd after
transduction with rAAV-hCBS at MOI of 5,000 and 20,000. (A)elC
extracts were separated on 10% SDS-PAGE and blotted ontobraem
and probed with human CBS antibody. Goat anti-rabbit IgG waed as
the secondary antibody. 63 kDa and 49kDa bands were deteoied
immunoblots of cells transduced with rAAV-hCBS (lane 3-8hdanot
found in untransduced (lane 2). The positive control bandHapG2 cells
was sited at 63 kDa (lane 1). (B) Each cell extract was assdged_BS
activity with and without 100 M S-adenosylmethionine (SAMas
described. CBS enzyme activity was detected by thin layer
chromatography. Full; wild-type CBS, Full*; point mutatioin c-terminal
region, Q451G, 3'del; deletion of c-terminal regio20 - 551.
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3. Elongation of life span

Homozygous mutants completely lacking cystathion[ie synthase
were born at the expected frequency from matings of hetgaizg. but
they suffered from severe growth retardation, such as ddlaye opening
and facies typical of very young animals. In addition, a mgjoof them
died within 5 weeks after birth with low body weidft In this study,
average life span of untreated CBSnouse was about 15.6 + 1.78 days.
We measured extent of the elongation of life span in treatéck.mAfter
injection of rAAV-CBS, the life span was lengthened appnoately 3-7
days in treated mouse. Intraperitoneal injection of rAABSIull was the
most effective method of gene delivery that showed elomhdife span as,

21.4 + 2.94 days. Intraperitoneal injection was superiorinibamuscular in

effectiveness (Fig. 3, Tablel).

N
o

120
- —e—untreated
= 100 * +IM,FuI|I
280 ¢ IM, De
c P, Full
= 60 - —%— P, Del
= 40
=>
S
wn

o

1234567 89101112131415161718 19202122 23242526 272829
Day Post Vector Injection (days)

Figure 3. Survival rate of CBS mice after rAAV-CBS administration
through various routes. IM; intramuscular. IP; intrapmrgal
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Table 1. Changes in Life span of homocystinuria mouse by midimation

of rAAV-CBS
Untreated| IM; Full IM; Del IP; Full IP; del
(n=18) (n=15) (n=13) (n=15) (n=13)
life span (days) 15.6(+1.78) 18.3(+4.02) 17.5(+1.31) 21.4(+2.94) 18.4(+1.34
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4. Homocysteine level in Plasma

The plasma homocysteine levels in 20-day-old homozygotese w
approximately 40 times higher than those of age-matched tralon
littermates. Heterozygotes have about twice the normaldogsieine levels
(Fig.4). At two weeks after delivery of rAAV-hCBS, plasma rhocysteine
levels were measured. Basal plasma homocysteine level néated CBS
mice was 401.66 + 38.67uM. At 2 weeks after injection, plasma
homocysteine levels in mice infused with viral vectors (2 ®“1viral
particles) decreased to 241.83 + 54.G81 in rAAV-CBSfull and 301.6 +
63.97 uM in  rAAV-CBSdel, respectively (Fig. 4). Homocysteine
concentration was decreased to less than half of the leviesereed in

untreated homocystinuria mice.

:

5

Plasma Homocysteine levels (M)
4
—

| — L

cbs+/+ cbs+/- cbs-/- 1P Ful IP Del

(o}

Figure 4. Plasma homocysteine concentration in CBSice administered
rAAV-CBS via IP. CBS  mice were administered with 2 X 10 viral
particles via intraperitoneal route and sacrificed at 2 kgeafter injection.

Values are presented as the mean * SD (N=3).
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5. Distribution of recombinant virus in various tissues

RNA was extracted from various organs at 2 weeks after an
intraperitoneal injection and analyzed for the tissue rifhistion of viral
transgene vector. The human CBS specific band was deteatetleated
mouse. Recombinant viral vectors were distributed in majaans such as
heart, lungs, liver, intestine, peritoneaum, and kidndyig.(5).

+

— TAAV-CBSfull —1—— rAAV-CBSdel —

>
e
i

)
%%, % G TAAV-EF1a-hCBS copy number

%
G ¢ & W o 4 s, T B 4 G ¢
% % % %@% Y % % % % T 1000 100 50 10 5 1

S o B ST S S
BESSSEESSSS SR X2 e

Figure 5. Analysis of tissue distribution of rAAV-CBSfull &
rAAV-CBSdel after intraperitoneal injection in CHS mouse. PCR was
performed to analyze distribution of rAAV vector in variotissues. RNA
was extracted from injected and noninjected mouse and iepexific

S

region was amplified. All tissues of injected mouse showedtar-specific
fragment and no signal was detected in untreated mouse.rnéhteontrol,
mouse GAPDH amplification was performed for equal quardiion. +;
wild-type mouse, -; untreated CBSouse.
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6. Histological observation and Immunohistochemical stain of the

liver from homocystinuria mice injected with rAAV-hCBS

Most homozygotes at weaning were runted and their eyes were
smaller than normal and not completely open. Gross exaiomaif their
organs showed no obvious differences except that the cdioth@® livers
was very light in contrast to the reddish-brown color of #ofom
heterozygotes and wild-type mice. The 20-day-old homoamggaenutants
were sacrificed for histological examination. Hepatic piwlogy of
homozygous CBS-deficient mice was observed by light mmope. Fat
droplets were prominent in the liver of homocystinuria micé@he
cytoplasm was filled with microvesicular lipid droplets igF 6 A). In
rAAV injected mouse, color of the livers was somewhat change
reddish-brown and reduction of microvesicular fat dropletas observed
by histological examination (Fig. 6 B, C). However, many neaesicular
fat change were observed in treated mouse. Immunohistachkerstaining
with the anti-hCBS antibody showed that CBS protein was afetke in
cytoplasm of liver treated with rAAV-hCBS. Mice administer
rAAV-CBSfull was more detected than rAAV-CBSdel (Fig. 6 E). Frhis

result was consistent with serum homocysteine conceoirati
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Figure 6. Histological examination (A-C) and immunohistemical staining
(D-F) of mouse livers after administration of rAAV-hCBS. sEue
specimens from untreated homocystinuria mouse (A, D), anjgcted
homocystinuria mouse with rAAV-CBSFull (B, E) and rAAV-CB®Il (C,
F) respectively were analyzed at 2 weeks postinjection. gB&tein is
detected with immunohistochemical staining in liver of enitnjected with
rAAV-CBS.
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7. Administration of rAAV-CBS into CBS™ mouse

Homozygous CBS-deficient mice exhibit growth retardation
hepatic dysfunction, and shortened survival. Because ekrig of the
phenotype CB% mice may have limited utility for model of gene therapy.
The heterozygotes grew normally and were heathy. They hawee tof
normal plasma homocysteine levels. In previous studiefad been shown
that heterozygous mice were useful experimental model for
hyperhomocysteinemia. We tested the efficacy of gene feanof
rAAV-CBS using cBY. Homocysteine concentration of plasma was
measured at 2, 6 and 12 weeks after injection. B®ouse had twice
higher plasma homocysteine concentrations compared witBS"t
(11.3£0.95 uM vs. 22.6£1.8 uyM) at 2 weeks after birth. But plasma
homocysteine concentrations decreased with age in wid-tyand
heterozygous mouse and difference of concentration betwe® groups,
1:2 ratios, was not observed. Homocysteine level was ioiffe in treated
mice (Fig. 7). There was no significant change of enzymeviggti(data

not shown) in injected mice, consistent of plasma homoaystéevel.
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Figure 7. Homocysteine concentration in plasma of &BSmice
administered rAAV-CBS via hepatic portal vein. CBS mice were
administered with 1 X 18 viral particles and killed at 2, 6 and 12 weeks
after injection. Values are presented as the mean = SD (n=3).
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IV. DISCUSSION

To date, treatment strategies of homocystinuria includedpyine
and folic acid administration in pyridoxine responsive igat, and low
methionine diet, with or without the addition of betaine, pyridoxine
non-responsive patiefifs The clinical manifestations of the disease can be
avoided with appropriate therapy but only in those childtesated from
soon after birth. There is no effective therapy for homdoysta.
However, gene therapy has several potential advantages oessical
pharmacological treatment. In order to develope safe andmiging
therapeutic strategy for homocystinuria, we studied wéeth recombinant
adeno-associated virus could be used as a CBS gene transféor to
reduce the excessive homocysteine level in the homocyiinmouse
model.

Recombinant AAV vectors have shown to be promising tool for a
number of gene therapy applications such diseases as hh#iaiOp cystic
fibrosis®, a-1 antitrypsin deficiency, malignant brain tumof$ and for
gene transfer to the eYe In this study, we demonstrated that
AAV-mediated transduction into the homocystinuria mouseught about
improved histologic changes of liver, expression of CBS egén treated
mouse and elongation of life span. In contrast, expecteditrepuld not
be obtained concerning the long-term effect. Reasons fat there as
follows; first, recombinant AAV vectors cannot deliver th®ormal CBS
gene to the liver at sufficient levels to overcome homocysia by IP

injection although injected mice expressed transgene dmair fife span
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were prolonged. Alternative administration route, liveiredted injection
may be attempted for potent effect. However, it was impdasio inject
via hepatic portal vein, because CB3nice were too small to perform the
technique. Second, mouse model wasn't suitable for genapjhebecause
homozygous deletion of CBS gene was mortal and was not able to
continue experiments. Untreated CBSnice used in this study suffered
from severe growth retardation and a majority of them diedhwi 2
weeks after birth. In addition, plasma homocysteine levielsCBS mice
were higher than other study reported previously, 401.668#66B M vs.
205 + 86 uM. Probably, mice fed standard dietary diet instead of speci
diet, standard A04 rodent chdtv Therefore, new mouse model for
homocystinuria will be needed for gene therapy study. In d&mnthe most
of pathogenic mutation were missense mutation within theSCgene. In
the future, homocystinuria mouse model with partial defgene will be
developed to treat using gene therapy.

The C-terminal of human CBS gene was known as negative
regulatory domain, consisting approximately 140 aminad agsidues. This
region is required for tetramerization of the human enzyme @doMet
activation”. Deletion of the C-terminal regulatory domain of CBS could a
least partially suppress the functional effects of missensitations located
in the catalytic domath The mutant A414-551, lacking both of the
proposed CBS1 and CBS2 domains, was about 5-fold more atitaue the
wild type enzyme control in the absence of AdofetEnzyme activity
was compared with full length and C-terminal mutant formsdBS gene.

rAAV contained full-length of CBS gene was higher than mutéorm in
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enzyme activity. rAAV contained wild-type CBS increasedzyne activity
1.5 ~ 2 times in presence of AdoMet. Mutant form was somewlass |
active than wild-type CBS and deletion form exhibited no M
stimulation. rAAV containing C-terminal deletion is exped to show
higher level of enzyme activity than that of wild type. Hoveey wild-type
form of CBS gene showed higher enzyme activity than mutamin fof
the gene. This would probably be explained with differendeCBS gene
expression system. In previous report, truncation mutargee expressed in
yeast andEscherichia coli whereas we expressed it in human cell line.
Further experiments remain to be performed, including aommspn of
enzyme activity in variety of mutant forms and expressiorstapns of
CBS gene.

Efficacy of gene transfer also was tested in CBSmouse.
CBS-deficient mice (CBﬁ) have approximately 50% reduction in
cystathionine 3- synthase mRNA and enzyme activity in the liver and
have twice normal plasma homocysteine le¥YelsThus, heterozygous
mutants will be useful as gene therapy models. Plasma hasteog
levels in CBS™ mouse had about twice the normal homocysteine levels at
2 weeks after birth. But CBS mouse injected rAAV weren't changed in
plasma homocysteine level compared with untreated moudwreT are
several possible explanations for this finding. CBSnouse had 2 times
higher plasma homocysteine concentrations compared witBS"C
(11.3£0.95 pM vs. 22.6£1.8 uyM) at 2 weeks after birth. But plasma
homocysteine concentrations decreased with age in wid-tyand

heterozygous mouse and difference of concentration betwe® groups,
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1:2 ratios, was not observed. At 12, 16 and 22 weeks, homziogst
concentration in wild-type and heterozygous mouse had 4.8, 5.8 uM

vs. 7.4, 6.3, 7.7uM, respectively. Consequently, it is impossible to reduce
homocysteine concentration by gene transfer. These sessitiow that
CBS” mouse is not suitable to study for gene therapy as homocyiin
mouse model.

The results were showed possibility of rAAV-mediated gene
therapy of homocystinuria as follows; elongation of lifeasp decrease of
homocystein level in plasma, expression of CBS gene andedser of
microvesicular lipid droplets in injected mice. These dadamonstrate
possibility and efficacy of gene therapy by AAV gene transfim

homocystinuria mice.
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V. CONCLUSION

In conclusion, these data showed intraperitoneal admatigh of
rAAV-CBS can result in elongation of life span, decrease ombcysteine
level in plasma and expression of CBS gene in the murine madel
homocystinuria. These findings suggest that an AAV-mediatgene

transfer may be useful for the treatment of homocystinuria.
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