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FIG. 2. (A) Genetic and transcriptional map of type 5 AAV. The
p7 and p19 promoters drive Rep78 and Rep52, respectively. The p4l
promoter transcribes two mRNAs. One expresses VP1, and the other
is for VP2 and VP3. The initiation codon for VP2 is ACG, which is
poorly utilized for translation, leading to production of a smaller
amount of VP2 polypeptides than VP3 polypeptides. The ITRs are
indicated by black boxes. pA, polyadenylation signal sequence. (B) Re-
combinant baculoviruses (rBac) constructed. An rBac for Rep utilizes
a truncated promoter for the immediate-early 1 gene of Orgyia
pseudotsugata nuclear polyhedrosis virus (AIE) for type 5 Rep78, and
another RepBac expresses Rep78 under the control of a truncated p10
promoter (Apl10). See Fig. 4A for details. Either RepBac uses the
polyhedrin promoter (polh) for Rep52. For expression of type 5 capsid
proteins, a recombinant baculovirus that harbored a VP gene on which
the initiation codon for VPl is mutated to ACG was constructed
(VP5Bac). Another series of VPBacs that had the type 5 VP1 gene
partially replaced by the corresponding portion of type 2 VP1 at the N
terminus was generated. (C) Western analysis of Sf9 cells infected with
VP5Bac. The initiation codon for VP1 was mutated to an ACG codon,
which enabled synthesis of VP1, -2, and -3 from a single VP mRNA.
The amount of VP1 synthesized was extremely small compared to that
in 293 cells. rAAVS-GFP generated with VP5Bac was used for the
infection of COS cells at 10° vg per cell. The number of GFP-positive
cells was 10% of the number of positive cells obtained with tAAVS-
GFP produced in 293 cells.

peptides produced with VP251Bac through VP256Bac. Each
VPBac produced chimeric VP1 at levels comparable to those
of VP2. Formation of empty capsids was confirmed by CsCl
density gradient analysis of Sf9 cell lysate infected with
VP254Bac, as shown in Fig. 3C. The peak of VP polypeptides
came to the fraction of 1.31 g/cm?, a buoyant density of empty
capsids. The GFP gene between the type 5 ITRs could be
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packaged into each type of chimeric capsid, and all of the
chimeric rAAVS-GFPs except VP251 could transduce COS
cells with efficiency similar to that of 293 cell-produced
rAAVS-GFP (data not shown). The yields of rAAV5-GFP
produced with VP253Bac or VP254Bac were approximately
1.2 times higher than others, although the difference was not
statistically significant. We thus used VP254Bac to produce
rAAVS for the next experiments.

The initial Rep baculovirus for type 2 rAAV production
drove type 2 Rep72 expression with a truncated promoter for
the immediate-early 1 gene of Orgyia pseudotsugata nuclear
polyhedrosis virus (AIE) and type 2 Rep52 under the control of
the polyhedrin promoter (31) (Fig. 2B). The AAVS genome
encodes nonstructural proteins Rep78 and Rep52 (Fig. 2A).
Similarly, we constructed a Rep baculovirus that expressed
type 5 Rep78 and Rep52 under the control of the AIE pro-
moter and the polyhedrin promoter, respectively. The titers of
the type 2 or type 5 Rep baculoviruses, however, were lower
than those of other recombinant baculovirus vectors {e.g.,
VPBac, GFPBac). The immediate-early 1 gene promoter be-
comes active at the early stage of baculovirus infection, and we
thought that early expression of Rep78 in insect cells might
negatively affect the yields of recombinant baculoviruses. The
very late pl0 promoter, which is widely used for recombinant
protein production, is active at the latest stage of baculovirus
infection. Thus, to delay and suppress the expression of Rep78,
we tested a series of truncated pl0 promoters. First, we
screened the truncated pl10 promoters for production of type 2
rAAV and selected one that generated high-titer TAAV2.
Figure 4A shows the map of the pl0 promoter and the trun-
cated pl0 promoter we constructed. The upstream TAAG
sequence does not affect the activity of the pl10 promoter (32).
The sequence between the TAAG sequence and the p10 pro-
tein initiation codon at +72 (where the transcription start site
is defined as +1) is called the burst sequence and is required
for the “burst” of expression of the pl10 protein at the very late
stage of baculovirus infection. The vif- transactivator interacts
with the burst sequence and strongly stimulates the transcrip-
tion from the pl0 promoter (35). To construct a weak pl0
promoter (Apl0), we removed the burst sequence between
positions +39 and +72 from the original p10 promoter. The
Apl10 promoter was best for the production of rAAV2 among
a series of truncated p10 promoters we examined. The titers of
recombinant baculoviruses with the Ap10 promoter were com-
parable to those of other recombinant baculoviruses. The Ap10
promoter was transferred to express type 5 Rep78 (Fig. 2B).
Figure 4B compares the time courses of type 5 Rep expression
by AIE and Apl0 promoters over 72 h after infection, indicat-
ing that the Apl0 promoter-driven Rep78 expression was de-
tected at 24 h after infection while the AIE promoter expressed
Rep78 as early as 12 h after infection. To examine whether this
modest difference in the levels of Rep78 affected replication of
the AAV vector DNA, we isolated the low-molecular-weight
DNA from the Sf9 cells infected with hGFP baculovirus and a
Rep baculovirus (Fig. 4C). A ladder of replicative forms (RF)
of rAAVS5 DNA began to appear at 36 h postinfection in either
case. The expected size of rAAVS-hGFP or monomer RF is 2.4
kb and the sizes of dimer and trimer RF are 4.8 and 7.2 kb,
which is consistent with the result of the agarose gel electro-
phoresis.
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FIG. 3. (A) Chimeric VP genes constructed. The portions derived from type 2 are indicated in gray, while those from type 5 are in white. The
common portions are indicated in black. The phospholipase A, motifs are shaded. The YXGGX and HDXXY motifs (where X is any amino acid
residue), indicating the catalytic site and Ca®* binding loop, respectively, are also shown. The amino acid residues common between type 2 and
type 5 are indicated by asterisks. Amino acid residues classified into the same group are indicated by dots. (B) Expression of chimeric VP
polypeptides in Sf9 cells. One microgram of cell lysate was resolved onto a 4 to 12% NuPAGE Bis-Ttis gel in MOPS (morpholine propanesulfonic
acid) buffer (Invitrogen). Separated proteins were transferred to a Durapore membrane (Millipore), and VP proteins were detected with a rabbit
polyclonal antibody raised against the type 5 VP3 portion. The lane labeled 293 shows lysate from HEK 293 cells transfected with pSR487, a hybrid
plasmid harboring type S AAV rep and cap genes and adenovirus E2A, VA RNA, and Edorf6 genes (27). Lanes labeled VP251 through VP256
indicate lysates from Sf9 cells infected with recombinant baculovirus expressing chimeric VP. (C) Chimeric VP between types 2 and 5 is able to
form empty particles. S9 cells (1 X 107 cells) infected with a VP2/5Bac, VP253Bac, were lysed as described in Materials and Methods. Solid CsCl
was added to make a buoyant density of 1.30 g/em?. After ultracentrifugation for 24 h at 36,000 rpm at 21°C using an SW40 Ti rotor (Beckman),
1-ml fractionations were collected. A portion of each fraction was resolved onto a 4 to 12% NuPAGE gel in MOPS buffer, transferred to a
Durapore membrane, and detected with a rabbit anti-type 5 VP polyclonal antibody. The buoyant density of each fraction is indicated above each

lane. Fractions that contain empty capsids are indicated by E.

Heteroserotypic small Rep can package rAAV5 DNA into
type 5 capsids. The insect cell-based production system for
rAAV2 or rAAV1 can generate more than 4 X 10* particles of
rAAV per Sf9 cell. However, the yields of rAAVS produced
with either AIE or Ap10 RepBac were approximately 1 X 10*
to 2 X 10* vg per Sf9 cell. Rep52, or small Rep protein, has
been implicated in encapsidation of the AAV genome (17). To
establish a high-titer production system, we investigated the
use of other serotypes of Rep52 for rAAVS production. We
replaced the type 5 Rep52 with serotype 1, 2, 3, or 4 Rep52 on
the Ap10 RepBac. Figure SA shows the results of Western
blotting of 519 cells infected with Rep baculoviruses expressing
type 5 Rep78 under the control of the Apl0 promoter and
serotype 1, 2, 3, 4, or 5 Rep52 driven by the polyhedrin pro-
moter. To generate rtAAVS5, Sf9 cells were coinfected with

hGFPBac, VP254Bac, and a RepBac with the indicated sero-
type Rep52 at an MOI of 1. 819 cells infected with hGFPBac
and VP254Bac along with RepBac producing type 1 Rep52
were processed by CsCl density centrifugation, and fractions
were analyzed for capsid antigen by Western blotting (Fig. 5B).
Two peaks of VP proteins were detected; the higher-buoyant-
density peak, from 1.42 to 1.36 g/em?, presumably consists of a
vector genome containing rAAVS particles. Another peak, at
1.33 g/em?, represents empty capsids, indicating that type 1
Rep52 packaged serotype 5 tAAV DNA into type 5 capsids.
When a RepBac that expressed only type 5 Rep78 was used, no
tAAVS5 particles were produced, confirming that heterosero-
typic small Rep indeed packaged type 5 rAAV DNA into type
5 capsids. The cell lysate was loaded directly onto an anion-
exchange column, and purified particles were investigated un-
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FIG. 4. (A) Map of the Ap10 promoter used for Rep78 expression.
The sequence between positions +39 and +72 is deleted in the Ap10
promoter, where the T of the TAAG sequence or the transcription
start site (marked with a bent arrow) is defined as +1 and the A of the
p10 protein AUG codon is defined as +72. The original AUG codon
for the p10 protein was mutated to ACT with pFastBac Dual (Invitro-
gen). The positions of the TATA box and the TAAG sequence are
indicated. (B) Time course of Rep78 expression by AIE or Apl0
promoter. Sf9 cells were infected with a Rep baculovirus, and the cells
were harvested at the times indicated (in hours) for Western analysis
with a monoclonal anti-Rep antibody. (C) Replication of hGFP vector
DNA in insect cells. S£9 cells were coinfected with a Rep baculovirus
and an hGFP baculovirus at 1 PFU per cell and incubated for the times
indicated (in hours). Low-molecular-weight DNA was isolated, and
DNA equivalent to 10° cells was resolved onto a 1% agarose gel. T,
trimer replicative form; D, dimer; M, monomer.

der electron microscopy, showing typical rAAV particles of a
diameter of 20 nm in addition to empty capsids (Fig. 5C).
According to the staining pattern, approximately 30% of
capsids contained vector genomes. In another experiment,
rAAV5-hGFP was purified with two rounds of CsCl ultracentri-
fugation and the titers of rAAV5-hGFP were determined by
real-time PCR using a pair of CMV-specific primers. Figure
5D summarizes the yields of rAAV5-hGFP with the use of
different serotypes of small Rep. The titer of tAAV5-GFP
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produced with type 1, 2, 3, or 4 small Rep was 56,000 + 3,200
(n = 4), 41,000 £ 18,900 (n = 4), 42,000 % 7,300 (n = 3), or
39,000 = 3,500 {(n = 3) particles per Sf9 cell, respectively, while
that of rAAV5-GFP produced using AAVS Rep52 was 13,500 =
3,200 (n = 5). The rAAVS-hGFP particles produced with the
indicated serotype Rep52 were further purified by anion-ex-
change column chromatography, and a total of 3 X 10° vg of
either tAAV5-hGFP were then fractionated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and examined by
silver staining along with 293 cell-produced rAAVS5-hGFP
(Fig. SE). Densitometric analysis indicated that the intensities
of the VP3 bands were almost equal to one another.

Type 5 vector DNA was packaged into type 5 capsids con-
sisting of chimeric VP1 between types 2 and 5 in the baculo-
virus system. To examine the possible effect of the chimeric
VP1 on packaging of type 5 vector DNA with heteroserotypic
Rep52, we tested the production of rAAVS5-hGFP by using
either Rep5/1Bac or Rep5/5Bac and VP5Bac or VP254Bac.
Interestingly, the yields of rAAVS produced with type 5 Rep52
and type 2/5 chimeric capsids were constantly lower than yields
produced with other combinations (Fig. 5F). Type 1 Rep52 was
capable of packaging type 5 vector DNA into type 5 capsids
and type 2/5 chimeric capsids with similar levels of efficiency.
Although the result was not conclusive, the presence of a type
2 VP1-unique portion might interfere with type 5 Rep52 pack-
aging rAAV5 DNA into type 5 capsids in insect cells.

Insect cell-produced rAAVS infects cells via an «2-3 sialic
acid receptor. AAV?2 capsids utilize HSPG as a primary core-
ceptor to infect target cells (30), whereas AAVS capsids re-
quire «2-3 sialic acid for efficient uptake (14). rtAAVS5 capsids
generated in S19 cells are composed of VP1 partially replaced
with type 2 VP1. The domains involved in receptor binding are
within the VP3 portion (16), and the type 2 VP1-unique por-
tion does not appear to be involved in attachment to target
cells (19). To determine whether rAAVS chimeric capsid par-
ticles infect cells via sialic acid and not via HSPG, we per-
formed competition experiments with receptor analogs. The
results of the heparin competition study show that rAAV2-
GFP failed to transduce COS cells in the presence of heparin,
an analog of heparan sulfate, as expected (Fig. 6A, top panels).
By contrast, rAAV5-GFP produced in 293 cells (Fig. 6A, mid-
dle panels) or insect cells (Fig. 6A, bottom panels) was able to
express GFP in COS cells irrespective of the presence of hep-
arin, suggesting that Sf9 cell-produced rAAV5-GFP did not
utilize HSPG as a primary coreceptor. The number of GFP-
expressing cells was counted by flow cytometry, and the per-
cent change in transduction compared to transduction in the
absence of heparin was calculated, which clearly corroborated
the observation with fluorescent microscopy. We next exam-
ined whether insect cell-produced rAAV5-GEFP infects cells via
«2-3 sialic acid. As shown in Fig. 6B, COS cells were infected
with rAAV5 generated in 293 cells (middle panels) or Sf9 cells
(bottom panels) in the presence or absence of an analog of
«2-3 sialic acid, 3’-SLN. The analog inhibited GFP expression
in COS cells by both 293 cell- and Sf9 cell-produced rAAVS5-
GFP, suggesting that rAAV5-GFP produced in insect cells
infected cells via «2-3 sialic acid as did 293 cell-produced
rAAVS5. To confirm that rAAV5-GFP derived from insect cells
utilized sialic acid as a cell attachment receptor, we infected
cells denuded of sialic acid by neuraminidase treatment. The
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FIG. 5. (A) Western analysis of RepBacs expressing type 5 Rep78 and type 1, 2, 3, 4, or 5 Rep32 with an anti-Rep antibody. (B) Analysis of
8f9 cells coinfected with Rep, VP254, and hGFP baculoviruses by CsCl density gradient ultracentrifugation. Three days after infection, the cells
were lysed and subjected to ultracentrifugation. F, filled, or containing rAAV particles; E, empty capsids. (C) Negative staining of rAAVS-hGFP
particles purified with ion-exchange column chromatography alone. Particles were stained with 2% uranyl acetate. Magnification, X100,000. Bar,
100 nm. (D) Generation of rAAV5-hGFP produced with different serotypes of Rep52. The yield of rAAVS5-GFP produced with type 1, 2, 3, 4, or
5 small Rep was 56,000 = 3,200 (n = 4), 41,000 = 18,900 (n = 4),42,000 = 7,300 (n = 3), 39,000 = 3,500 (n = 3), or 13,500 = 3,200 (n = 5) particles
per Sf9 cell, respectively. (E) Analysis of tAAVS-hGFP produced in insect cells or 293 cells by silver staining. rAAV5-hGFP (3 X 10° particles)
produced with serotype 1, 2, 3, 4, or 5 and that produced in 293 cells were resolved onto a 4 to 12% NuPAGE Bis-Tris gel (Invitrogen). Lane M,
molecular size markers. (F) Comparison of the yields of rAAVS-GFP produced with type 1 or type 5 Rep52 and VP5Bac or VP2/5Bac. Sf9 cells
were coinfected with hGFPBac, Rep5/1Bac or Rep5/5Bac, and VP5Bac or VP254Bac at an MOI of 1 in each of three independent experiments.
The rAAV5-hGFP produced was purified by two rounds of CsCl density gradient ultracentrifugation, and the genomic titer was determined by

real-time PCR.

result shows that prior incubation with neuraminidase signifi-
cantly inhibited the transduction of COS cells mediated by
rAAVS-GFP produced in 293 cells and Sf9 cells (Fig. 6C).
Comparison of transduction efficiencies with rAAV5 in cul-
tured cells. We next compared the efficacy of rAAV5-GFP/
Neo produced in Sf9 cells to that for a mammalian-cell-pro-
duced counterpart. COS cells were infected with either S{9-
produced or 293-produced rAAV5-GFP/Neo at 1 X 10°
through 1 X 102 vg per cell for 1 day, and the number of
GFP-positive cells was counted by flow cytometry. As shown in
Fig. 7A, both Sf9-produced and 293-produced rAAV5-GFP/
Neo showed similar dose-response curves. In addition, the
vector genome-to-transducing unit ratio was calculated based
on the number of GFP-positive cells at 3 X 10? vg per cells.
Three independently produced samples were examined, and
the vector genome-to-transducing unit ratio for Sf9-produced
rAAVS5-GFP was 3.9 X 10* = 1.6 X 10* (mean * standard
deviation), while the ratio for 293-produced rAAYV was 3.6 X
10* = 1.2 X 10* These results indicated that insect cell-gen-
erated rAAV5-GFP/Neo had a similar ability to transduce
COS cells. Although the capsids produced in Sf9 cells contain
type 2/5 chimeric VP1 and those produced in HEK293 cells
were composed of original type 5 VP1, rAAV5-GFP/Neo de-

rived from Sf9 cells and that derived from HEK293 cells did
not show any significant difference in GFP expression in COS
cells, suggesting that the difference in the VP1-unique portion
did not impact the expression of the transgene or affect the
intracellular processing of type 5 capsids in COS cells. We also
compared transduction efficiencies of rAAV5-hGFP generated
in Sf9 cells and tAAV5-hGFP generated in HEK293 cells.
Surprisingly, the dose-response curve obtained by Sf9-pro-
duced rAAV5-hGFP shifted to the right and the number of
GFP-positive cells at the dose of 3 X 10% vg per cell was five
times larger than that for 293-produced rAAVS5-hGEFP (Fig.
7B). Since the substitution of the type 5 VP1-unique portion
with the equivalent portion of type 2 did not impact the GFP
expression in COS cells (Fig. 7A), we explored the tAAV
genomes packaged into vector capsids. Virion DNA was iso-
lated and analyzed on an alkaline gel. After electrophoresis,
the DNA was transferred to a nylon membrane and hybridized
with a *?P-labeled CMV-specific probe. The GFP/Neo DNA
packaged into AAVS capsids is essentially the same in size and
amount as expected (Fig. 7C). We next analyzed virion DNA
isolated from rAAVS5-hGFP produced with the indicated se-
rotype Rep52 in insect cells, as well as 293-produced rAAVS-
hGFP (Fig. 7D). The encapsidated hGFP DNA is present as
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FIG. 6. (A) Heparin, an analog of HSPG, does not inhibit transduction of COS cells infected with tAAV5-GFP/Neo produced in insect cells.
Cells were infected with adenovirus at 3 PFU per cell and incubated at 37°C for 2 h. After being washed with medium, the cells were infected with
rAAV2-GFP/Neo produced in 293 cells at 10* vg per cell or rAAV5-GFP/Neo generated in 293 cells or Sf9 cells at 10° vg per cell in the presence
or absence of 20 pg per ml of heparin in triplicate. One day after infection, the cells were observed under a fluorescent microscope. The number
of GFP-positive cells was also counted by flow cytometry. Data are presented as percent change in transduction compared to transduction in the
absence of heparin. (B) An analog of «2-3 sialic acid inhibits both 293 cell- and Sf9 cell-produced rAAV5-GFP/Neo. COS cells were infected with
an adenovirus at 3 PFU per cell and incubated at 37°C for 2 h. After being washed with medium, the cells were infected with tAAV2-GFP/Neo
at 10* vg per cell or rAAVS-GFP at 10° vg per cell for 1.5 h in the presence of 0 or 0.5 mM 3’-SLN (Sigma-Aldrich). The cells were washed twice
with medium and further incubated for 1 day. The number of GFP-expressing cells was measured by flow cytometry (1 = 3). Data are presented
as percent change in transduction compared to transduction in the absence of the analog. (C) Neuraminidase treatment of COS cells inhibits
transduction with rAAVS-GFP generated in 293 cells or $f9 cells. COS cells were infected in triplicate with adenovirus at 3 PFU per cell for 1 h
at 37°C, treated with 0.08 U per ml of neuraminidase (Vibrio cholerae, type 1II; Sigma-Aldrich) for 1 h, and infected with 10” vg per cell of
rAAVS5-GFP produced in 293 cells or Sf9 cells for 2 h. COS cells were similarly treated and also infected with 10? vg per cell of rAAV2-GFP/Neo.
The infected cells were then washed twice with medium and incubated for an additional day. After incubation, the cells were observed under

fluorescent microscopy and the number of GFP-positive cells was counted by flow cytometry.

two DNA species. The higher-mobility virion DNA corre-
sponds with 2.4-kb hGFP vector DNA or a single-stranded
monomer, which is confirmed by comigration with a 2.4-kb
vector DNA obtained by treatment with a restriction enzyme
of the hGFP vector plasmid, pSR485hGFEFP. The lower-mobility
DNA is the same in size as the monomer RF or duplex form of
hGFP DNA (Fig. 7D) isolated from Sf9 cells coinfected with
RepBac and hGFPBac (Fig. 4C). The intensity of the larger
virion DNA, which was quantified with an imaging analyzer,
was roughly double that of shorter DNA for each rAAVS
produced in St9 cells. If the larger virion DNA is a monomer
duplex form and thus has two CMV promoter sequences hy-
bridizing to a CMV probe, then we estimated that the quantity of
the double-stranded monomeric form was equal to that of the
single-stranded monomer. The ratio of the amount of the
monomer duplex form to the amount of the single-stranded
monomer form in the rAAV5-hGFP virion produced in 293
cells is 1 to 3.5. AAV particles have been shown to package two
copies of vector genomes that are less than 50% of the 4.8-kb
AAV genome, and the packaged vector DNA appeared to be
monomeric single-stranded and double-stranded RF (6). For
gene expression, the single-stranded vector genome has to be

converted to a double-stranded form by either second-strand
synthesis (8, 9) or annealing of complementary strands (23).
The monomeric duplex vector DNA, on the other hand, can
function directly as a template for mRNA synthesis. Thus, the
more potent gene expression mediated by rAAV5-hGFP gen-
erated in Sf9 cells is probably due to the presence of the
encapsidated monomer duplex form.

Comparison of efficacies of rAAVS in vivo, To compare the
efficacies of tAAVS produced in 293 cells and rAAVS pro-
duced in Sf9 cells, we constructed a type 5 vector that ex-
pressed human SEAP. rAAVS5 particles produced in Sf9 cells
consisted of chimeric VP1 between type 2 and type 5. To
eliminate the possible difference in intracellular processing of
rAAVS5 particles due to replacement of the type 5 VP1-unique
portion with the equivalent one of type 2, we compared the in
vivo activities of rAAVS particles containing type 2/5 VP1
polypeptides produced in insect and mammalian cells. Five
mice each iniramuscularly received a total of 10 vg of
rAAVS5-SEAP generated in either 293 cells or Sf9 cells, and
serum SEAP levels were monitored. As shown in Fig. 8A, the
expression profile of the Sf9-produced type 5 SEAP vector
differed from that of the 293-produced one. The rAAV5-SEAP
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FIG. 7. Comparison of infectivities of rAAVS produced in 293 cells and rAAVS5 produced in Sf9 cells. (A) COS cells were infected with
rAAVS5-GFP/Neo produced in 293 cells or SO cells at the doses indicated, ranging from 1 X 10° through 1 X 10? vg per cell. One day after infection,
the cells were examined for GIP tluorescence by flow cytometry in triplicate. (B) COS cells were infected with rAAVS-hGFP produced in HEK293
cells or Sf9 cells at a dose of 1 X 10° through 1 X 10% vg per cell for 1 day. The number of GFP-positive cells was counted cytometrically.
(Cy Analysis of GFP/Neo vector virion DNA on an alkaline gel. Virion DNA was isolated from tAAV5-GFP/Neo produced in HEK293 cells or
Sf9 cells by treatment with proteinase K, and samples equivalent to 3 X 10% vg were resolved onto a 0.8% alkaline gel. The DNA was then
transferred to a nylon membrane and hybridized to a *?P-labeled CMV-specific probe. A 4.4-kb-size copy number standard (Std) (1 x 10°,3 %
10®, and 1 X 10 copies) was loaded, which was derived from the GFP/Neo vector plasmid, pSR485a, with a restriction enzyme that cut out the
vector portion. (D) Alkaline agarose gel electrophoresis of virion DNA isolated from rAAVS5-hGFP. Vector DNA isolated from rAAVS5-hGEFP
particles produced with type 1, 2, 3, 4, or 5 Rep52 was analyzed along with 293-produced rAAV5-hGFP. Low-molecular-weight DNA isolated from
insect cells infected with RepBac and hGFPBac (Fig. 4C) serves as a reference for monomer (M), dimer (D), and trimer (T) replicative forms.

generated in HEK293 cells showed a gradual increase in serum
SEAP activity over 1 month after injection, which is a typical
expression pattern by rAAV-mediated transduction. The Sf9-
produced rAAV5-SEAP induced levels of SEAP activity at 1
or 2 weeks after injection that were more than 30 or 10 times
higher, respectively, than those of the 293-produced rAAVS-
SEAP, and the serum SEAP activity by Sf9 produced rAAVS-
SEAP decreased at 4 weeks after injection. There was no
significant difference between the two groups after 4 wecks
following administration. We also analyzed the SEAP vector
DNA on an alkaline gel (Fig. 8B). The expected size of
rAAVS5-SEAP vector genomes is 3.4 kb. The majority of 293-
produced rAAV5-SEAP DNA is single-stranded monomer in
both type 5 capsids and type 2/5 chimeric capsids. In addition
to the 3.4-kb single-stranded vector genome, DNA extracted
from Sf9 cell-produced rAAVS5 particles contained an addi-
tional DNA of approximately 4.7 kb. One model for AAV
packaging proposes that when the size of vector DNA is larger
than the size of the wild-type AAV, 4.7 kb, the vector DNA
is cleaved to 100% of the AAV genome during packaging
into virion (6). The 4.7-kb virion DNA may be a cleaved
product of duplex multimers synthesized in Sf9 cells.

DISCUSSION

Recent advances in understanding of biology of AAV and in
production of rAAV have facilitated the use of rAAV as a gene
transfer vector. A human clinical trial with rAAV2 expressing

a coagulation factor IX has shown that intramuscular delivery
of more than 10%° rAAV2 particles would be required for
amelioration of hemophilia B (15). Currently, the widely em-
ployed method for production of rAAV is transfection of pack-
aging cells, such as HEK293 cells, with plasmids carrying AAV
and adenovirus genes. Plasmid transfection is more easily
adaptable to packaging different serotype AAV vectors than
establishing a packaging cell line. However, the transfection
process is the limiting step in rAAV production, which requires
adherent HEK293 cells on a two-dimensional surface for effi-
cient production of rAAV.

The production of other AAV serotype-derived vectors has
been described previously (26) and follows the strategy devel-
oped for rAAV?2 (20). Some madifications have been reported,
such as lipofection of 293 cells in suspension culture in serum-
free media, which makes the handling of the cells and the
purification step easier (28). However, the use of a lipid re-
agent for transfection may be neither cost-effective nor scal-
able. A recombinant herpes simplex virus harboring type 5 rep
and cap genes was created to eliminate the transfection process
(33), although the yields of rtAAVS were low. The baculovirus/
insect cell-based rAAVS production system presented here does
not require plasmid transfection and is scalable. By extrapolation
from culture volume, we expect to obtain more than 10'* particles
of rAAV5-GFP from a 1-liter culture. This is consistent with
yields of TAAV1 or rAAV2 produced in Sf9 cell cultures (20a,
31).

To produce infectious rAAVS particles in insect cells, we
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FIG. 8. (A) Serum SEAP activity following intramuscular injection
of rAAVS5-SEAP. Five mice each received a total of 10'! vg of
pseudotyped rAAVS-SEAP produced in 293 cells or Sf9 cells into
tibialis anterior muscles. Blood was taken at the indicated weeks after
injection. The serum SEAP activity was measured by a SEAP report
gene assay (Roche Diagnostics, GmbH, Penzberg, Germany). RLU,
relative light units. (B) Molecular analysis of SEAP vector DNA.
Vector genomes were isolated from type 5 or type 2/5 SEAP vector
particles produced in HEK293 cells or from Sf0-produced rAAVS-
SEAP. Extrachromosomal low-molecular-weight DNA isolated from
819 cells infected with RepBac and SEAPBac was also analyzed. Cop-
ies (10° through 10%) of copy number standard (Std) vector DNA
derived from SEAP vector plasmid, pAAVSEAP, were also loaded. M,
monomer replicative form of SEAP vector genomes; D, dimer repli-
cative form.

inserted an N-terminal portion of type 2 VP1 into the corre-
sponding site of type 5 VP1. The N termini of VP1 polypep-
tides contain the phospholipase A, motif and are essential to
viral infectivity (36). Electron microscopy indicated that the
VP1l-unique portion is hidden within type 2 capsids and ap-
pears on the surface of the capsids during the infectious path-
way in cells (19). The VPl-unique portion is well conserved
among different AAVs. Comparison of the portion among
serotypes 1 through 4 and 6 revealed that one serotype is more
than 80% identical to another. The type 5 VP1-unique portion
is 70 to 75% identical to that of other serotypes, while the
sequence alignment of VP2 or VP3 of AAV1 through AAV6
showed that type 5 is approximately 55% identical to other
serotypes. The initial trial mutation of the start codon for type
5 VP1 gene to ACG failed to produce infectious rAAVS par-
ticles due to low synthesis of VP1 polypeptide (Fig. 2C). How-
ever, the successful generation of rAAV2 particles in insect
cells and the notion that the VPI-specific region is well con-
served among different serotypes led us to construct a chimeric
type 5 VP1 polypeptide whose N-terminal portion was partially
replaced by the equivalent portion of type 2. The transduction
of COS cells and mouse muscles with tAAV5 produced in

J. VIROL.

insect cells clearly indicated that the chimeric VP1, VP254,
could confer infectivity to it (Fig. 7 and 8).

The strategy of producing AAV “pseudotyped” vectors, typ-
ically consisting of AAV2 ITR and non-AAV2 capsids, such as
AAV4 and AAVS, has been reported previously (2, 3, 26, 34).
We first tested similar pseudopackaging of rAAV DNA type 2
ITRs into type 5 capsids with type 2 RepBac in insect cells.
However, the yields of vector particles produced were four
times lower than those reached by packaging type 5 DNA into
type 5 capsids (data not shown). We also examined the pro-
duction of rAAVS by packaging type 2 AAV DNA with type 2
Rep78 and type 5 Rep52 into type 5 capsids, which also re-
sulted in low yields of rtAAVS (data not shown). The produc-
tion of type 5 vector in 293 cells by transfection with a type 5
vector plasmid and a type 5 rep cap plasmid usually yields more
than 10* particles per HEK293 cell, and the production of
pseudotyped type 5 vectors by using a type 2 AAV vector
plasmid and type 2 rep and type 5 cap plasmid recovers 3 X 10°
particles per cell (unpublished observation), an observation
consistent with the production in Sf9 cells.

Using Sf9 cells, we found that Rep52 proteins of other se-
rotypes were capable of packaging DNA with type 5 ITRs into
type 5 capsids more efficiently than type 5 Rep52. Type 2 small
Rep protein has been shown to package the AAV2 genome
into preformed capsid with its helicase activity in collaboration
with large Rep protein (7, 17). The small Rep protein associ-
ates with Rep78/68 (24) and probably specifically interacts with
large Rep protein during encapsidation (7). The basis for the
improved AAV packaging with non-type 5 Rep52 remains to
be elucidated. To exclude the possibility that cellular proteins
and/or baculovirus proteins played a major role in packaging
type 5 DNA, we used a RepBac that expressed only type 5
Rep78 for production of type 5 rAAV. No rAAVS particles
were recovered from the recombinant baculovirus-infected Sf9
cells (data not shown), suggesting that the small Rep protein is
absolutely required for generating rAAVS in insect cells. As
shown in Fig. 5F, the fact that the partial replacement of the
VP1-unique portion with the corresponding portion of type 2,
the strategy we took to generate infectious type 5 particles in
insect cells, inhibited type 5 Rep52-mediated introduction of
type 5 ITR genomes into type 5 capsids may only indicate the
role of the type 2 VPl-unique portion as a physical barrier
during packaging of rAAV genomes into capsids. We believe
that under a special circumstance, such as in invertebrate cells,
heteroserotypic Rep52 is superior to type 5 Rep52 in packag-
ing tAAV DNA with type 5 ITR into type 5 capsids. It is
interesting to examine whether other serotypes of Rep52 can
package type 5 rAAV DNA into type 5 capsid in mammalian
cells. We are currently investigating the packaging of type 5
genome into type 5 capsids with different serotypes of Rep52 in
HEXK293 cells.

The majority of the vector genome of rAAVS produced in
HEK?293 cells in the present study is in single-stranded mono-
meric form, irrespective of the size of the vector genome (Fig.
7C and D and 8B). However, when the size of vector DNA is
shorter than the size of the wild-type AAV genome, insect cells
tend to package longer, 4.7-kb DNA into type 5 capsids. The
4.7-kb longer virion DNA in Sf9-produced rAAVS appears to
be a cleavage product of multimers of replicated vector ge-
nomes. If the size of a multimer is within the packaging limit,
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it is efficiently introduced into AAV capsids. If a multimer is
larger than 4.8 kb in size, a partially truncated multimer is
packaged into AAV capsids in insect cells (6). Sequencing of
4.7-kb DNA packaged into virions will be a key to disclosing
the difference between packaging of vector DNA into capsids
in HEK293 cells and insect cells. The difference in packaged
virion DNA between rtAAVS produced in human cells and in
insect cells provides important information on designing vector
DNA for production of rtAAVS5 in insect cells.

In summary, we developed a new method for production of
rAAVS5 in insect cells, which offers a better alternative to the
existing production methods of rAAVS5, although the vector
genomes packaged into capsids differ in size from rAAV5
produced in HEK293 cells. The robust generation in suspen-
sion culture will facilitate the use of type 5 rAAV not only for
basic studies but also for clinical studies.
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Regulation of gene expression is necessary to avoid possible adverse effects of gene therapy due to
excess synthesis of transgene products. To reduce transgene expression, we developed a viral
vector-mediated somatic regulation system using inducible Cre recombinase. A recombinant adeno-
associated virus (AAV) vector expressing Cre recombinase fused to a mutated ligand-binding
domain of the estrogen receptor o (CreER™) was delivered along with AAV vectors expressing
dopamine-synthesizing enzymes to rats of a Parkinson disease model. Treatment with 4-
hydroxytamoxifen, a synthetic estrogen receptor modulator, activated Cre recombinase within
the transduced neurons and induced selective excision of the tyrosine hydroxylase (TH) coding
sequence flanked by loxP sites, leading to a reduction in transgene-mediated dopamine synthesis.
Using this strategy, aromatic L-amino acid decarboxylase (AADC) activity was retained so that L-3,4-
dihydroxyphenylalanine (L-dopa), a substrate for AADC, could be converted to dopamine in the
striatum and the therapeutic effects of L-dopa preserved, even after reduction of TH expression in
the case of dopamine overproduction. Our data demonstrate that viral vector-mediated inducible
Cre recombinase can serve as an /n vivo molecular switch, allowing spatial and temporal control of
transgene expression, thereby potentially increasing the safety of gene therapy.

Key Words: adeno-associated virus, gene therapy, gene regulation, tamoxifen, Cre recombinase,
Parkinson disease, dopamine

INTRODUCTION

Advances in gene transfer methods, in particular the
development of improved viral vectors, have expanded
the potential of gene therapy to treat a wide range of
genetic and acquired diseases. Efficient and long-term
expression of therapeutic genes within the central
nervous system has been demonstrated in preclinical
studies aimed at treating neurodegenerative disorders,
including Parkinson disease (PD) [1,2]. PD is a progressive
movement disorder characterized by selective degener-
ation of dopaminergic neurons within the substantia
nigra, which project to the striatum. As the dopamine

content of the striatum decreases severely, its replace-
ment becomes an important strategy to alleviate motor
impairment of the disease. One such strategy is gene
therapy to restore the local production of dopamine.
Recombinant adeno-associated virus (AAV) vector-medi-
ated gene transfer of dopamine-synthesizing enzymes,
such as tyrosine hydroxylase (TH) and guanosine triphos-
phate cyclohydrolase I (GCH), with or without aromatic
L-amino acid decarboxylase (AADC), has induced behav-
ioral recovery in animal models of PD [3-5]. Before
clinical trials examining this therapy can commence,
however, it is desirable to have a mechanism by which
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dopamine synthesis can be controlled by regulation of
gene expression.

Methods utilizing the properties of bacteriophage P1
site-specific Cre recombinase have been developed in
recent years as a means of generating somatic mutations
[6]. Regulation of Cre recombinase activity, achieved by
fusing Cre with mutated hormone-binding domains of
various steroid receptors, has been used in various trans-
genic applications [7,8]. A chimeric protein known as
CreER™, obtained by fusing Cre to a mutated ligand
binding domain of the human estrogen receptor w, is
particularly useful. Cell-specific expression of CreER™ in
transgenic mice allows efficient tamoxifen-dependent
Cre-mediated recombination at loci flanked by loxP sites,
without background activity [9]. In the present study, we
demonstrate that stereotaxic injection of recombinant
AAV vectors expressing dopamine-synthesizing enzymes
and CreER" enables spatiotemporal control of dopamine
levels within the brains of rats of a PD model. Our results
indicate that these vectors may have a number of
applications in gene therapy.

RESULTS

Viral-Mediated Temporally Controlled Cre-Mediated
Recombination

We generated AAV vectors expressing either Cre recom-
binase containing a nuclear localization signal (AAV-Cre)
or tamoxifen-dependent Cre recombinase (AAV-
CreER™). To engineer a reporter system, we designed an
AAV-EGFP/Red vector to express a destabilized variant of
red fluorescent protein (DsRed-Express DR) only after
Cre-mediated recombination of a loxP-flanked DNA seg-
ment encoding a destabilized, red-shifted variant of green
fluorescent protein (d2EGFP) (Fig. 1A). To determine the
efficacy of viral-mediated recombination, we infected

loxP

+ AA\f-C’reERT?

415HT(-) -

HEK293 cells with AAV-EGFP/Red and either AAV-Cre or
AAV-CreER™ (Fig. 1B). Co-infection of AAV-Cre and
AAV-EGFP/Red resulted in expression of DsRed-Express-
DR, while only d2EGFP was expressed in control cells
infected with AAV-EGFP/Red alone. Co-infection with
the reporter vector and AAV-CreFR™ induced DsRed-
Express-DR expression in almost all 4-hydroxytamoxifen
(4-OHT)-treated cells. Although we detected slight back-
ground expression of DsRed-Express-DR in the absence of
4-OHT, we observed only a limited number of these cells
(<1%), indicating that CreER™ activity is tightly regu-
lated in these virally transduced cells. To test the
potential use of AAV-CreER" in vivo, we used stereotaxic
injections to deliver AAV-CreFR™ into the brains of
reporter mice [10]. These mice were engineered to express
a red-shifted variant of the wild-type green fluorescent
protein (EGFP) only after Cre-mediated excision of a loxP
DNA fragment. After 5 consecutive days of 4-OHT treat-
ment (1 mg by intraperitoneal injection), we observed
numerous EGFP-expressing cells in AAV-injected brains,
all of which coexpressed Cre recombinase (Fig. 1C). In
the absence of treatment with 4-OHT, only a few cells
{<0.1% of Cre-positive cells) expressed EGFP in the
vicinity of AAV-CreER™-injected sites (data not shown).
These data indicate that floxed DNA segments are
efficiently excised in vivo by combining AAV-CreER'?
injection with 4-OHT treatment.

Temporally Controlled Reduction of Dopamine
Synthesis

We generated AAV vectors expressing each of the three
dopamine-synthesizing enzymes (TH, AADC, and GCH).
In the TH-expressing vector, two loxP sites flanked the TH
coding sequence (AAV-floxed TH). We infected HEK293
cells with these dopamine-synthesizing vectors (AAV-
floxed TH, AAV-AADC, and AAV-GCH) in combination

FIG. 1. Viral vector-mediated Cre-dependent floxed
DNA excision. (A) Hlustration of the AAV-EGFP/Red
vector construct. A DsRed-Express-DR marker was
placed downstream of the d2EGFP marker with a
SV40 poly(A) sequence flanked by loxP sites. ITR,
inverted terminal repeat; CMV, human cytomegalovi-
rus immediate-early promoter followed by the first
intron of human growth hormone. (B) 4-OHT-induced
Cre-dependent recombination. HEK293 cells were
infected with AAV-EGFP/Red and either AAV-Cre or
AAY-CreER™. 4-OHT was added to the medium § h
after infection. Fluorescence was observed 48 h after
infection. Bar, 40 um. (C) EGFP expression in the AAV-
CreER™injected striatum and cortex of transgenic
mice. 4-OHT (1 mg) was administered intraperito-
neally 1 week after vector injection every day for 5
days until the mice were kifled. In these mice, the stop
fragment was flanked by loxP sites and placed
between the EGFP sequence and the Gt(ROSA)265or
promoter. Bar, 40 wm.
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FIG. 2. Reduced dopamine synthesis after 4-OHT-induced ablation of a floxed
TH transgene. HEK293 cells were infected with dopamine-synthesizing
vectors (AAV-floxed TH, AAV-AADC, and AAV-GCH) in combination with
AAV-CreER™ or control vectors. (A) Dopamine content in the culture medium
was significantly reduced in the presence of 4-OHT. **P < 0.01, n = 4. (B) TH
(green) and CreER™ (red) immunocytochemistry was performed 48 h after
vector infection. Yellow fluorescence in the merged image indicates
colocalization. In the presence of 4-OHT, CreER™ translocated to the nucleus.
TH was not expressed in cells positive for nuclear CreER™. Bar, 20 um. (C) TH
(green) and AADC (red) immunocytochemistry. Note the reduced number of
TH-positive cells in the presence of 4-OHT. Bar, 20 um.

with AAV-CreER™ or control vectors. We found that
treatment with 4-OHT significantly reduced dopamine
synthesis (Fig. 2A). Immunocytochemistry demonstrated
coexpression of TH and CreER™ in the cytoplasm in the
absence of 4-OHT and an absence of TH expression when
CreER' was translocated into the nucleus in the presence
of 4-OHT (Fig. 2B). The expression of AADC was not
reduced by the presence of 4-OHT (Fig. 2C). Dual labeling
showed that more than 80% of the TH-immunoreactive
(TH-IR) cells were also positive for AADC (251 of 300) and
Cre (242 of 300) in the absence of 4-OHT-treatment.

Reduction of Dopamine Production in a Rat Model

We next tested whether the vector-mediated Cre-depend-
ent regulation of transgene expression observed in culture
could be extended to animal models. We obtained hemi-
parkinsonian rats by injecting a selective neurotoxin, 6-

hydroxydopamine (6-OHDA), into the left medial fore-
brain bundle. The animals then received a mixture of AAV-
CreER™?, AAV-floxed TH, AAV-AADC, and AAV-GCH into
their lesioned striatum, after which two-thirds were
further treated with 4-OHT (4 mg/kg by intraperitoneal
injection for 5 days) during the course of experimentation.
Control rats were injected with AAV-LacZ alone or with
AAV-Cre plus AAV-floxed TH, AAV-AADC, and AAV-GCH.
To evaluate abnormal motor functions associated with
depletion of dopamine in the striatum, we repeated
quantification of apomorphine-induced rotation, as well
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FIG. 3. Temporal control of dopamine synthesis in a rat model of PD
transduced with AAV vectors. Sixty hemiparkinsonian rats were generated by
6-OHDA injection. Thirty-six received a mixture of AAV-CreER"?, AAV-floxed
TH, AAV-AADC, and AAV-GCH, after which they were divided into three
groups of 12. Two of the groups were treated with 4-OHT (4 mg/kg by
intraperitoneal injection for 5 days), at the same time or 4 weeks after vector
injection. Control PD rats were injected with AAV-LacZ alone (n = 12) or
AAV-Cre (n = 12), instead of AAV-CreER™ with AAV-floxed TH, AAV-AADC,
and AAV-GCH. (A) The total number of complete body turns induced by
apomorphine was counted for each rat, and (B) spontaneous limb use was
scored using the cylinder test. *P < 0.05. (C) Efficient conversion of i-dopa
to dopamine by AADC. r-Dopa (5 mg/kg) was administered to 4-OHT-
treated rats and AAV-Cre-injected rats. Contralateral turning in response to t-
dopa was counted for 30 min. **P < 0.01. Legend symbols are as shown in
A and B.

162

MOLECULAR THERAPY Vol. 13, No. 1, January 2006
Copyright © The American Society of Gene Therapy

— 169 —



doi:10.1016/j.ymthe.2005.08.009

@

AT

AAV-Cre

AAV-CreERT?
4-OHT ()

Anti-
TH

AAV-CreERT?
4-OHT (+)

=3

Cell Numbers

AAV-Cre

FIG. 4. Selective ablation of the TH transgene

induced by treatment with 4-OHT. (A)

Immunohistochemical staining for TH or
oY AADC in the brains of 6-OHDA-lesioned rats
12 weeks after stereotaxic injection of AAV-
Cre or AAV-CreER™, with or without 4-OHT
treatment. AAV vectors were injected into the
lesioned side of the striatum (right side of the
photos). High-power-magnified images of
the vector injection sites (squares in the left
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Representative photographs are also shown.
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as the cylinder test, weekly until the rats were killed. In the
absence of 4-OHT, we observed behavioral recovery in rats
that received both AAV-CreER™ and AAV vectors express-
ing dopamine-synthesizing enzymes. Following 4-OHT
treatment, these rats regressed, demonstrating impaired
behavior (Figs. 3A and 3B). No recovery occurred in AAV-
CreER™-injected rats treated with 4-OHT at the same
time as vector injection or in AAV-Cre- or AAV-LacZ-
injected rats. Contralateral turning in response to L-
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Bar, 1.5 mm (left column), 100 pum (right
column). (B) Number of immunoreactive (IR)
cells against TH or AADC in the multiple AAV
vector-injected striatum. The number of cells
in 17 sections per rat (n = 3 for each group)
was counted. The numbers of TH-IR cells and
AADC-IR cells in AAV-CreER™-injected rats
given 4-OHT 0 or 4 weeks after vector
injection were indistinguishable and the
results pooled for comparison with other
groups. **P < 0.01. (C) Efficient cotransduc-
tion of AAV vectors, as determined by dual
immunofluorescence staining of the 6-
OHDA-lesioned striatum. The majority of
Cre-IR cells were also positive for TH and
AADC. Bar, 20 pm. (D) Parallel striatal
sections immunostained for glial fibrillary
acidic protein (GFAP) or AADC. Striatal cells
were transduced without obvious reactive
astrocytosis. Residual hemosiderin was ob-
served along the needle tract. On the right
are magnified views of the boxes on the left.
Bars: 0.5 mm, left; 50 um, right.

3,4-dihydroxyphenylalanine (L-dopa, 5 mg/kg) was not
significantly reduced in 4-OHT-treated rats or AAV-Cre
injected rats, indicating efficient conversion of r-dopa
to dopamine in the striatum due to preservation of
AADC activity (Fig. 3C).

Immunohistochemistry showed fewer TH-IR cells in
rats that received AAV-Cre or AAV-CreER™ plus 4-OHT,
compared to injected rats not treated with 4-OHT (Figs.
4A and 4B). The numbers of AADC-immunoreactive cells,
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FIG. 5. Reduction of dopamine synthesis in 4-OHT-treated rats. Significantly less (A) dopamine content and (B) TH activity were observed in the lesioned striatum
of 4-OHT-treated rats 12 weeks after vector injection, compared to 4-OHT-untreated rats. **P < 0.01, n = 4. -
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however, did not differ significantly between 4-OHT-
treated and untreated rats. We roughly estimated the
number of transduced cells in the striatum at §x10*
based on cell counts performed on the tissue sections.
This efficiency of transduction is sufficient to parallel the
functional effects on behavior observed in other studies
[3,5,11]. Double-labeling with both anti-Cre and anti-TH
antibodies, or with anti-Cre and anti-AADC antibodies,
showed that more than 80% of Cre-immunoreactive cells
were also positive for TH (164 of 200) and AADC (176 of
200) in three 4-OHT-untreated rats (Fig. 4C). Immunos-
taining for glial fibrillary acidic protein (GFAP) or AADC
in parallel sections demonstrated transduction of striatal
cells without obvious reactive astrocytosis (Fig. 4D).
Dopamine content (Fig. 5A) and TH activity (Fig. 5B)
within the lesioned striatum were significantly lower in
4-OHT-treated compared to untreated rats. Dopamine
levels in the transduced striatum in the 4-OHT-treated
and untreated rats were 0.66 and 4.3%, respectively,
those of the unlesioned striatum. Unlike primary dop-
amine in the nigrostriatal system, which is stored in
synaptic vesicles, genetically produced dopamine in the
lesioned striatum might be readily metabolized without
storage. Since the dopamine level in the lesioned side of
AAV-LacZ-injected rats was much lower (0.3%), a 10-fold
increase in dopamine level after triple transduction with
TH, AADC, and GCH genes caused a remarkable ther-
apeutic effect. Average TH activity, measured in terms of
L-dopa production (pmol/min/mg protein), reached
51.6% that of the normal striatum (65.9+ 11.0 versus
127.7 £ 3.7) in rats transduced with dopamine-synthesiz-
ing enzymes. In 4-OHT-treated rats, TH activity fell to
10.8% of normal (13.8 £4.1).

DiscussiON

Our results show efficient viral vector-mediated delivery
of tamoxifen-dependent CreER™ recombinase into
rodent brains and that transgenic floxed sequences can
be deleted in a temporally controlled manner. In a rat
model of PD, recombinant AAV vector-mediated delivery
of CreER™ into the striatum enabled 4-OHT-induced
excision of a floxed TH transgene, resulting in reduced
virally mediated dopamine synthesis. We targeted TH, a
rate-limiting enzyme for dopamine biosynthesis that
converts dietary L-tyrosine to L-dopa. Using this strategy,
AADC activity was retained so that L-dopa, a substrate for
AADC capable of crossing the blood-brain barrier, could
be converted to dopamine in the striatum. Thus, in
clinical situations, the therapeutic effects of orally
administered L.-dopa would likely be preserved, even after
4-OHT treatment to reduce TH expression in cases of
dopamine overproduction [11]. Although transduction
with AADC alone, in combination with oral administra-
tion of L-dopa, might not achieve continuous delivery of
L-dopa, in contrast to that which could potentially be

achieved with triple transduction of TH, AADC, and
GCH, dopamine production could be regulated by alter-
ing the dose of L-dopa, thereby providing a safer option
for gene therapy. We previously demonstrated that
dopamine synthesis was enhanced (greater than fivefold)
after systemic administration of L-dopa in AAV-TH/-
AADC/-GCH-injected striatum in the primate model of
PD using in vivo dialysis [4]. A phase I clinical trial
involving gene transfer of AADC alone is currently under
way.

AAV vectors are powerful tools by which to deliver
therapeutic genes into the mammalian brain. Many
striatal neurons of rodents and nonhuman primates are
transduced with AAV vectors via stereotaxic injection,
and long-term gene expression has been achieved with-
out substantial toxicity or immune response [2,12]. AAV
vectors have safety advantages over other viral vectors
when it comes to in vivo gene delivery, since they are
derived from nonpathogenic wild-type viruses. Moreover,
most recombinant AAVs are present in cells as episomes,
thus reducing the probability of insertional activation of
oncogenes, compared to retroviruses, which integrate
into host chromosomes [13]. Although it is difficult to
use a single AAV vector for multiple gene transfer due to
its limited packaging capacity (<5 kb), a single cell can be
simultaneously transduced with multiple AAV vectors. In
the present study, dual immunofluorescence staining
showed efficient cotransduction of cells with different
AAV vectors in the rat striatum, a finding consistent with
that which we observed in a previous study [5].

Gene therapy strategies for the treatment of PD using
AAV vectors include gene delivery of dopamine-synthesiz-
ing enzymes into the striatum to restore dopamine
production, as well as gene delivery of neuroprotective
molecules, such as glial cell line-derived neurotrophic
factor, to block or slow down further degeneration [14]. In
addition, AAV vectors harboring genes encoding neuro-
trophic factors might be delivered by intramuscular
administration in an attempt to protect spinal motoneur-
onsin patients suffering from amyotrophic lateral sclerosis
[15-17]. Although no adverse effects due to overexpres-
sion of transgenes have been reported in animals to date, it
is necessary to develop vectors that allow for regulation of
transgene expression, thus avoiding transgene overexpres-
sion. In PD, overproduction of dopamine has the potential
to cause dyskinesia or hallucinations, and sustained
exposure to high concentrations of neurotrophic factors
could result in tumor formation.

Inducible Cre recombinases have been used to generate
a number of conditional knockout mice. They are invalu-
able tools for investigators studying the role of gene
function in development, as well as a number of physio-
logical and pathological processes. The tamoxifen-
dependent CreER™ recombinase has proven particularly
helpful [9,18,19]. It has been shown that 4-OHT does not
alter dopamine content within the striatum in mice [20],
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and we did not observe any adverse effects of 4-OHT
treatment in the present experiment. In addition, tamox-
ifen, which is metabolized by the liver into 4-OHT, has
neuroprotective effects [21,22]. Thus, the CreER™ system
might be useful for gene therapy in the treatment of
neurological diseases.

We have expanded upon the use of inducible Cre
recombinase technology to regulate transgene expression
using an AAV vector-mediated gene delivery system.
Recently, a viral vector-mediated RNA interference
(RNAi) approach has been developed and localized gene
knockdown achieved in the adult brain [23-25].
Although RNAi-mediated suppression of gene function
has a wide variety of applications, more specific and
inducible transgene silencing can be achieved with AAV-
CreER™2. Selective ablation of floxed transgenes reduces
the possibility of down-regulation of normal cellular
proteins. This system works as a molecular switch,
increasing the safety of long-acting gene therapy by
avoiding or minimizing side effects due to overproduc-
tion of the protein product and by providing the ability
to shut down expression if toxicities are encountered or
treatment is completed. The ability to restrict somatic
recombination of transgenes spatially and temporally has
a wide range of applications, in both gene therapy and
biological study requiring somatic genetic manipulation.

MATERIALS AND METHODS

AAV vector productiorn. The AAV vector plasmids contained an expression
cassette with a human cytomegalovirus immediate-early promoter (CMV
promoter), followed by the first intron of human growth hormone, target
¢DNA, and a simian virus 40 polyadenylation signal sequence (SV40
poly(A)), between the inverted terminal repeats of the AAV-2 genome. The
plasmids pAAV-LacZ, pEGFP, pAAV-AADC, pAAV-GCH, pCre, and
pCreERTZ contained the ¢DNAs of LacZ, EGFP, human AADC, human
GCH, Cre recombinase with a nuclear localization signal [26], and Cre
recombinase fused to a mutated form of the ligand-binding domain of
estrogen receptor o (CreER™)[27], respectively. The plasmid pAAV-floxed
TH contained human TH1 c¢DNA flanked by two loxP sequences between
the CMV promoter and the SV40 poly(A). To generate pAAV-EGFP/Red, a
DNA fragment containing d2ZEGFP (BD Biosciences, San Jose, CA, USA) and
the SV40 poly(A) was flanked by loxP sequences and inserted between the
CMV promoter and DsRed-Express-DR (BD Biosciences). The two helper
plasmids, pHLP19 and pladenol (Avigen, Alameda, CA, USA), harbored
the AAVrep and cap genes, as well as the E2A, E4, and VA RNA genesof the
adenovirus genome, respectively. HEK293 cells were cotransfected by the
calcium phosphate coprecipitation method with the vector plasmid,
pHLP19, and pladenol. The AAV vectors were then harvested and purified
by two rounds of continuous iodoxale ultracentrifugations. Vector titers
were determined by quantitative DNA dot-blot hybridization or by
quantitative PCR of DNase I-freated vector stocks. We routinely obtained
10 to 10" vector genome copies (vg).

In. vitro transduction. HEK293 cells were seeded at 3x 10° cells/well in
six-well plates. After 24 h, cells were infected with appropriate combina-
tions of AAV vectors (5x 10° vg per vector). 4-OHT was added to the
culture medium at a concentration of 10 or 100 nM at S h after infection.
Culture medium was collected for dopamine assay 48 h after infection
and the cells were fixed for immunostaining.

AAV injections. All animal experiments were performed in accordance
with the institutional guidelines. Three B6,129-Gt(ROSA))26Sor™"%° ]

mice (The Jackson Laboratory, Bar Harbor, ME, USA) [10] were stereotaxi-
cally injected into the caudoputaminal unit or cerebral cortex with 1 x 10°
vg (L ul) of AAV-CreER™2. After 1 week, 4-OHT (1 mg) was administered
intraperitoneally every day for 5 days, after which 2 of the mice were killed.
One mouse that did not receive 4-OHT treatment was killed as a control.
Creation of PD model rats and stereotaxic injections of AAV vectors were
carried out as previously described [5]. Briefly, 60 male albino Wistar rats
(weighing 200-250 g) were unilaterally lesioned at the left medial forebrain
bundle (coordinates AP —4.3 mm and ML 1.6 mm, relative to the bregma,
and DV — 7.8 mm relative to the dura, with the incisor bar set 3.3 mm below
the interaural line) with 4 pl of 4.5 mg/ml 6-OHDA HBr (Sigma, St. Louis,
MO, USA) in 0.02% ascorbate saline prior to intrastriatal transduction.
These rats were stereotaxically injected with AAV vectors (5 x 107 vg per site
for each vector) at three sites in the lesioned striatum (coordinates relative
to the bregma and dura, AP +1.5, +1.0, and +0.5 mm; ML 2.6, 3.0, and 3.2
mm; DV — 5.2 mm). Forty-eight rats were injected with a 1:1:1 mixture of
AAV-floxed TH, AAV-AADC, and AAV-GCH plus AAV-Cre (n = 12) or AAV-
CreER™ (n = 36). Twelve rats received AAV-LacZ alone as a control. Among
the AAV-CreER™-treated rats, 24 were intraperitoneally injected with 4-
OHT (4 mg/kg) for 5 consecutive days, starting either at the same time as or
4 weeks after vector injection.

Behavioral testing, The rats were tested weekly for rotational behavior and
spontaneous limb use, as described previously [28]. The total number of
complete body turns was counted during an observation period of > 60 min
following intraperitoneal injection of apomorphine HCl (0.1 mg/kg;
Sigma). Only those animals exhibiting seven or more contralateral
rotations/min in a 60-min period at 4 weeks after the 6-OHDA injection
were included in further analysis. Spontaneous limb use was scored
according to the cylinder test method [29]. Rats were placed in a clear
glass cylinder large enough to ensure free movement. After they had
performed 10 rears during which they were observed to place at least one
paw on the cylinder wall, the number of times both forepaws contacted the
wall of the cylinder was counted until at least 20 contacts were made. Data
indicating the number of times a contralateral forepaw made contact with
the wall are expressed as a percentage of the total. We also evaluated
rotational behavior in response to a low dose of L-dopa methyl ester (S mg/
kg; Sigma) coadministered with 2.5 mg/kg of a peripheral decarboxylase
inhibitor (benserazide hydrochloride; Sigma) 10 weeks after AAV injection.

Biochemical assays. Levels of dopamine in the cell culture medium (n=4
for each group) and within the brain samples (=4 for each group) were
determined by high-performance liquid chromatography (HPLC), as
previously described [5]. Rats were Killed by decapitation under sodium
pentobarbital anesthesia 12 weeks after vector injection, after which their
brains were immediately dissected and placed on dry ice. The striatum
was punched out bilaterally using a sharp-edged, stainless steel tube. Wet
tissue samples were weighed and stored at —80°C until subsequent
analysis. Tissues were homogenized in 20 volumes of homogenization
buffer and then mixed immediately with 0.76 M perchloric acid prior to
centrifugation at 15,000g for 10 min. After the supernatant was
neutralized with sodium acetate, the samples were analyzed by HPLC
analysis. Determination of TH activity was based on the formation of L-
dopa from r-tyrosine, as demonstrated by HPLC electrochemical detec-
tion. The reaction mixture contained 200 mM sodium acetate buffer (pH
6.0), 100 mM 2-mercaptoethanol, 0.2 mg/ml catalase, 0.2 mM L-tyrosine,
and 1 mM tetrahydrobiopterin. The mixture was incubated for 10 min at
37°C. The reaction was stopped by adding perchloric acid, and L-dopa was
extracted using an alumina column [30].

Immunostaining of cultured cells and brain sections. Cultured cells were
fixed in 4% paraformaldehyde (PFA) in PBS. Brains were perfused with 4%
PFA, soaked in 30% sucrose, and dissected into coronal sections (30 um).
The following primary antibodies were used: TH monoclonal (1:800 or
1:8000; DiaSorin, Stillwater, MN, USA) or polyclonal (1:10,000; provided
by Ikuko Nagatsu, Fujita Health University, Japan), AADC polyclonal
(1:10,000; 1. Nagatsu), Cre recombinase monoclonal (1:500; Covance,
Princeton, Nj, USA) or polyclonal (1:500; Covance), GFP polyclonal
(1:200; BD Biosciences or Chemicon, Temecula, CA, USA), DsRed
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polyclonal (1:1000; BD Biosciences), and GFAP (1:1000; Chemicon).
Appropriate fluorescence-tagged (Invitrogen, Carlsbad, CA, USA) or
biotinylated (Vector Laboratories, Burlingame, CA, USA) secondary anti-
bodies were used for visualization. Immunoreactivity was assessed under
microscopy (Axioplan, Zeiss, Germany) or confocal laser scanning micro-
scopy (TCS NT; Leica Microsystems, Germany). To analyze quantitatively
the numbers of TH-positive neurons and AADC-positive neurons, every
10th 30-um section (total of 11 sections) covering a 3-mm thickness from
each animal (n = 3 per group) was examined. Coexpression efficacy was
analyzed by dual immunofluorescence staining.

Statistical analysis. One-way analysis of variance (ANOVA) was
performed to determine differences in dopamine levels, as well as TH
activity, followed by Tukey's test (StatView 5.0 software; Abacus).
Behavioral changes were analyzed by a repeated measure ANOVA,
followed by Tukey’s test, with P < 0.05 considered statistically
significant. Results are presented as means + SEM.
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Abstract

Pancreatic ductal carcinoma (PDC) remains one of the most intractable human malignancies. To obtain insight into the molecular
pathogenesis of PDC, we constructed a retroviral cDNA expression library with total RNA isolated from the PDC cell line
MiaPaCa-2. Screening of this library with the use of a focus formation assay with NIH 3T3 mouse fibroblasts resulted in the identifi-
cation of 13 independent genes with transforming activity. One of the cDNAs thus identified encodes an NH,-terminally truncated form
of the lymphotoxin-p receptor (LTBR). The transforming activity of this short-type LTBR in 3T3 cells was confirmed by both an in vitro
assay of cell growth in soft agar and an in vivo assay of tumorigenicity in nude mice. The full-length (wild-type) LTBR protein was also
found to manifest similar transforming activity. These observations suggest that LTBR, which belongs to the tumor necrosis factor
receptor superfamily of proteins, may contribute to human carcinogenesis.

® 2005 Elscvier Inc. All rights reserved.
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Pancreatic ductal carcinoma (PDC) originates from
pancreatic ductal cells and remains one of the most intrac-
table human malignancies [1,2]. Effective therapy for PDC
is hampered by the absence of specific clinical symptoms.
At the time of diagnosis, most affected individuals are no
longer candidates for surgical resection, and, even in
patients who do undergo such surgery, the 5-year survival
rate is only 20-30% {2].

The molecular pathogenesis of PDC has been the subject
of intensive investigation. The gene KRAS?2 is frequently
mutated and activated in PDC cells [3], and various tumor
suppressor genes, including those for p53, pl6, and
BRCA?2, are inactivated [4]. Furthermore, genetic or epige-
netic alterations of genes important in apoptosis or in

* Corresponding author. Fax: +81 285 44 7322.
E-mail address: hmano@yjichi.ac.jp (H. Mano).

0006-291X/$ - sec front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/}.bbrc.2005.10.080

tumor cell invasion or metastasis have been detected in
PDC cells [5]. However, mutations in KRASZ have also
been identified in pancreatic tissue affected by nonmalig-
nant chronic pancreatitis [6], and genetic changes truly spe-
cific to PDC remain to be uncovered. Improvement in the
prognosis of individuals with PDC will require identifica-
tion of the genetic or epigenetic alterations responsible
for the aggressive nature of this cancer.

The focus formation assay with 3T3 or RATI fibro-
blasts has been extensively used to screen for transforming
genes in various carcinomas [7]. Given that the expression
of exogenous genes in this assay is usually controlled by
their own promoters or enhancers, however, oncogenes
are able to exert their transforming effects in the recipient
cells only if these regulatory regions are active in
fibroblasts, which is not always the case. Regulation of
the transcription of test cDNAs by a promoter known to
function efficiently in fibroblasts would be expected to
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ensure sufficient expression of the encoded protein in the
focus formation assay. We have therefore now constructed
a retroviral cDNA expression library from a human PDC
cell line, MiaPaCa-2, and tested this library in the focus
formation assay with 3T3 cells. For library construction,
we took advantage of a polymerase chain reaction (PCR)
system that preferentially amplifies full-length cDNNAs.
The resulting library had sufficient complexity with a high
percentage of full-length ¢cDNAs. With this library, we
have revealed that the lymphotoxin-§ receptor (LTBR)
gene possesses transforming activity.

Materials and methods

Cell lines and culture. MiaPaCa-2, NTH 3T3, and BOSC23 cell lines
were obtained from American Type Culture Collection and maintained in
Dulbecco’s modified Eagle’s medium (DMEM)-F12 (Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum (Invitrogen) and
2 mM r-glutamine.

Construction of retroviral ¢DNA expression library. Total RNA
extracted from MiaPaCa-2 cells with the use of an RNeasy Mini column
and RNase-free DNase (Qiagen, Valencia, CA) was subjected to first-
strand cDNA synthesis with PowerScript reverse transcriptase, SMART
1IA oligonucleotide, and CDS primer IIA (Clontech, Palo Alto, CA). The
resulting cDNAs were amplified for 14 cycles with 5 PCR primer A and
a SMART PCR c¢cDNA synthesis kit (Clontech), with the exception that
LA Tag polymerase (Takara Bio, Shiga, Japan) was substituted for the
Advantage 2 DNA polymerase provided with the kit. The amplified
c¢DNAs were treated with proteinase K, rendered blunt-ended with T4
DNA polymerase, and ligated to the BstXI-adaptor (Invitrogen).
Unbound adaptors were removed with the use of a cDNA size-fraction-
ation column (Invitrogen), and the remaining cDNAs were ligated into the
BstXI site of the pMXS retroviral plasmid (kindly provided by
T. Kitamura, Institute of Medical Science, University of Tokyo). The
resulting pMXS-cDNA plasmids were introduced into ElecroMax DH10B
cells (Invitrogen) by electroporation.

Focus formation assay. BOSC23 cells (1.8 x 10% were seeded into a
6-cm culture dish, cultured for 24 h, and then transfected with 2 pg of
retroviral plasmids mixed with 0.5 pg of pGP plasmid (Takara Bio), 0.5 pg
of pE-eco plasmid (Takara Bio), and 18 pl of Lipofectamine reagent
(Invitrogen). Two days after transfection, polybrene (Sigma, St. Louis,
MO) was added to the culture supernatant at a concentration of 4 pg/ml,
and the supernatant was subsequently used to infect 3T3 cells for 48 h. The
culture medium of the 3T3 cells was then changed to DMEM-Fi2
supplemented with 5% calf serum and 2 mM L-glutamine, and the cells
were cultured for 2 weeks.

Recovery of ¢cDNAs from transformants. Transformed 3T3 cell clones
were harvested with a cloning syringe and cultured independently in 10-cm
culture dishes. Genomic DNA was extracted from each clone by standard
procedures and then subjected to PCR with 5 PCR primer ITA and LA
Taq polymerase for 50 cycles of 98°C for 20s and 68 °C for 6 min.
Amplified DNA fragments were purified by gel electrophoresis and ligated
into the pT7Blue-2 vector (EMD Biosciences, San Diego, CA) for nucle-
otide sequencing.

Anchorage-independent growth in soft agar. 3T3 cells (2% 10%) were
infected with a retrovirus encoding a truncated form of LTBR or
activated KRAS2 (see Results), resuspended in the culture medium
supplemented with 0.4% agar [SeaPlaque GTG agarose (Cambrex, East
Rutherford, NJ)], and seeded onto a base layer of complete medium
supplemented with 0.5% agar. Cell growth was assessed after culture for
2 weeks.

Tumorigenicity assay in nude mice. 3T3 cells (2 x 10% infected with a
retrovirus either encoding the truncated form of LTBR or containing the
human wild-type LTBR ¢cDNA (GeneCopoeia, Germantown, MD) were
resuspended in 500 pl of phosphate-buflered saline and injected into each

shoulder of a nu/nu Balb-c mouse (6-weeks old). Tumor formation was
assessed after 3 weeks.

5'-Rapid amplification of cDNA ends (RACE). 5'-RACE was per-
formed as described [8]. In brief, total RNA extracted from MiaPaCa-2
cells was used to generate ¢cDNAs with an LTBR-specific primer (5'-
GCAGTGGCTGTACCAAGTCA-3'). Excess primer was removed with a
microconcentrator (Amicon, Austin, TX), and a poly(A) tail was added to
the ¢cDNAs by incubation with dATP and terminal deoxynucleotidyl-
transferase (Invitrogen). The first PCR was performed with the dT-
adaptor primer (5-GACTCGAGTCGACATCGATTTTTTTTITTIT
TTTT-3") and RACE-1 antisense primer (5'-CTCCCAGCTTCCAGCT
ACAG-3'), and the second PCR with the adaptor primer (5-GACTCGA
GTCGACATCG-3) and RACE-2 antisense primer (5-GAGCAGAAA
GAAGGCCAGTG-3'). The amplification protocol for the first PCR
comprised incubation at 94 °C for 2 min followed by 20 cycles of 94 °C for
1 min, 55°C for 1 min, and 72 °C for 3 min. That for the second PCR
included incubation at 94 °C for 2 min followed by 30 cycles of 94 °C for
1 min, 53 °C for | min, and 72 °C for 3 min.The final PCR products were
ligated into pT7Blue-2 for nucleotide sequencing.

Results
Screening for transforming genes by focus formation assay

To screen for transforming genes in PDC, we construct-
ed a cDNA expression library from MiaPaCa-2 cells.
Full-length ¢cDNAs were selectively amplified by a PCR
protocol from total RNA isolated from the cells and were
ligated into the retroviral vector pMXS. We obtained a
total of 1.2x10° colony-forming units of independent
library clones, from which we randomly selected 30 clones
and examined the incorporated ¢cDNAs. An insert of
=500 bp was present in 24 (80%) of the 30 clones and
the average size of these 24 inserts was 1.84 kbp.

Introduction of the library plasmids into a packaging
cell line yielded a recombinant retroviral library that was
used to infect mouse NIH 3T3 fibroblasts. After culture
of the infected cells for 2 weeks, a total of 18 transformed
foci were identified. No foci were observed for 3T3 cells
infected with the empty virus. Each transformed focus
was isolated, expanded, and used to prepare genomic
DNA. PCR amplification of the inserts identified a total
of 29 ¢cDNA fragments, each of which was ligated into a
cloning vector and subjected to nucleotide sequencing from
both ends. Screening of the 29 cDNA sequences against the
public nucleotide sequence databases revealed that they
showed >95% sequence identity to 13 independent genes,
11 known and 2 unknown (Table 1).

To confirm the transforming ability of the isolated
c¢DNAs, we again ligated them into pMXS and used the
corresponding retroviral vectors to re-infect 3T3 cells.
Two of the 13 independent genes (clone ID #4, correspond-
ing to LTBR [GenBank Accession No. NM_002342]; clone
ID #10, corresponding to KRAS2 [GenBank Accession
No. NM_004985]) reproducibly induced the formation of
transformed foci in 3T3 cells (Fig. 1). Further sequencing
our KRAS2 cDNA revealed that it has a point mutation
leading to the amino acid change from a glycine residue
at position 12 to a cysteine (data not shown). Whereas
the oncogenic potential of mutated KRAS2? has been
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Table 1
MiaPaCa-2 cell cDNAs isolated from 3T3 transformants
Clone ID #  Gene symbol  GenBank No.  Presence of entire ORF
1 CGI-152 NM_020410 Yes
2 RAB28 NM_004249 Yes
3 MRPL43 NM_032112 Yes
4 LTBR NM_002342 No
5 UBQLNI1 NM_013438 Yes
6 TBCID2 NM_018421 Yes
7 FKBPI0 NM_021939 Yes
8 HCCA2 NM_053005 Yes
9 Unknown AK123415 ND
10 KRAS2 NM_004985 Yes
11 STK11IP NM_052902 Yes
12 Unknown AA627562 ND
13 PFKP NM_002627 Yes

ORF, open reading frame; ND, not determined.

extensively investigated [3], little is known of such activity
for LTBR. We thus focused on LTBR for further analysis.

Identification of a truncated form of LTBR

Although the nucleotide sequence of both ends of our
LTBR c¢DNA was identical to that of human LTBR, the
size of our c¢cDNA (1452bp) was smaller than that
(2136 bp) of the full-length ¢cDNA previously described.
We thus determined the complete nucleotide sequence of
our cDNA, revealing that it starts at nucleotide position
685 of the reported sequence (NM_002342). The longest
open reading frame in our ¢cDNA begins at amino acid
position 221 and ends at position 435 of the previously
described LTBR protein; it therefore encodes a predicted
protein of 215 amino acids with a calculated molecular
mass of 22,692 Da (Fig. 2). Given that the nucleotide
sequence surrounding the putative translation start site of
our cDNA matches the consensus Kozak motif, the corre-
sponding mRNA likely produces this NH,-terminally trun-
cated form of LTBR, which is hereafter referred to as
short-type LTBR.

5'-RACE analysis of LTBR mRNA

To confirm the presence of an mRNA encoding short-
type LTBR in MiaPaCa-2 cells, we performed 5-RACE

ID# 4

to determine the 5’ ends of LTBR mRNAs. The first strand
of LTBR ¢DNAs was generated with an LTBR-specific
reverse transcription (RT) primer (Fig. 2) from RNA iso-
lated from MiaPaCa-2 cells. Poly(A) was added to the 3/
end of the cDNAs, which were then subjected to nested
PCR in order to amplify the 5’ ends. PCR products (rang-
ing from a few hundred to 2000 bp) were detected only
when reverse transcriptase was included in the procedure
(Fig. 3A), indicating that the products were synthesized
from cDNA, not from genomic DNA. The nucleotide
sequence of 96 randomly chosen PCR products was deter-
mined. Sixty-eight of the 96 products matched the LTBR
cDNA sequence and the positions of their 5’ ends are indi-
cated in Fig. 3B. Transcription of most of the mRNAs cor-
responding to these PCR products was initiated in the
region immediately upstream of the translation start site
for short-type LTBR, indicating the existence of multiple
mRNAs for this truncated protein in vivo.

Confirmation of transforming activity of short-type LTBR

To confirm the transforming activity of short-type
LTBR, we examined its effect on anchorage-independent
growth of 3T3 cells in soft agar. Whereas cells infected with
an empty virus did not grow in soft agar, those infected
with a virus encoding short-type LTBR formed multiple
foci in repeated experiments (Fig. 4A). In addition, 3T3
cells expressing activated KRAS2 readily grew in the agar.

We also injected the infected cells into nude mice.
Tumors formed at all (n = 10) sites injected with 3T3 cells
expressing short-type LTBR (Fig. 4B). Again, 3T3 cells
expressing activated KRAS2 also generated tumors at a
high frequency, whereas those infected with the empty
virus-did not induce tumor formation. Together, these
results thus confirmed that short-type LTBR possesses
transforming activity.

Transforming activity of wild-type LTBR

To determine whether the full-length (435-amino acid)
LTBR protein also possesses oncogenic potential, we per-
formed the focus formation assay and in vivo tumorigenicity
assay with a recombinant retrovirus encoding the wild-type

ID# 10

Fig. 1. Identification of transforming genes of MiaPaCa-2 cells. Mouse 3T3 cells were infected with an empty retrovirus (—) or with recombinant
retroviruses harboring cDNAs corresponding to library clones ID #4 (short-type LTBR) or ID #10 (KRAS?2). The cells were photographed after culture

for 2 weeks. Scale bars, | mm.
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tceccaggctetgggetegggeageecgecgecacegetgeccaggacgtegggectectge 120

cttcctcccaggcccccacgttgctggccgcctggccgagtggccgccatgctcctgcct 180
L L P

tgggccacctctgcccccggcctggcctgggggcctctggtgctgggcctcttcgggctc 240
wW A T § A P G L A G L F G L

ctggeagcategcagecccaggeggtgecteccatatgegteggagaaccagacetgeagg 300
L A A S Q P Q AV P P Y A S E N QT C R

gaccaggaaaaggaatactatgagccccagcaccgecatctgetgetecegetgecegeca 360
D Q F K E Y Y E P Q HR I C C 8 R C P P

ggcacctatgteteagetaaatgtagecgecateccgggacacagtttgtgecacatgtgee 420
G T Y v 8 A K C 8§ R I R D T V C A T C A

gagaattcctacaacgagcactggaactacctgaccatctgccagctgtqccgcccctgt 480
E N § Y N E H W Y L T I C @ L p

gacccagtgatgggectegaggagattgeccectgecacaageaaacggaagacccagtge 540
b P VM 6GL E E I A P C T S KR K T @ C

cgctgccagccgqgaatgttctgtgctgcctgggccctcgagtgtacacactgcgagcta 600
R ¢ Qg P G M F C A A W A E ¢ T H C E L

ctttctgactgcccgcctggcactgaagccgagctcaaagatgaagttqggaagggtaac 660
L s pD ¢ P P G T E A E L K D K G N

aaccactgcgtcccctgcaagqcahggcacttccaqaatacctcctcccccagcgcccgc 720
N H C VvV P C K A G HF @ N T S8 8 P 8 A R

tgccagccccacaccaggtgtgagaaccaaggtctggtggaggcagctccaggcactgcc 780

¢C @ P H T R C E ¢ 6 L Vv B A A P G T A
CagtccgacacaacCtgcaaaaatccattaqagccactgcccccagatcaggaacc 840
¢ 8 p T ?” ¢ K N P L E P L P P E | s G T
¢ RACE-2
atgctgatgctggccgttctgctgccactggccttctttctgctccttgccaccgtcttc 900
M L A VL L P LAV FVFLULILATV F
tcctgcatctggaagagccacccttctctctgcagqaaactgggatcgctgctcaagagg 960
S I W K 8 H P 8 L C R K
RACE1
cgtccgcagggagagggacccaatcctgtagctggaagctgggagcctccgaaggcccat 1020
Q G P N P V A G W E P P K A H
RT prlmer

ccatacttccctgacttggtacagccactgctacccatttctggagatgtttccccagta 1080
P Y P P DL V 9 P L L P I §8 G D V 8§ P V

teecactgggetecccgecagecccagttttggaggcaggggtgeegecaacagcagagtect 1140
§$ T G L P A APV L EAGV P Q Q @ 8 P

ctggacctgaccagggagccgcagttggaacccggggagcagagccaggtggcccacggt 1200
L p L TREU®POQTILE P Q Q V A H G

accaatggcattcatgtcaccggegggtetatgactatcactggcaacatctacatctac 1260
T N 6 I H VvV T G G S M T I T GG N I Y I Y

aatggaccagtactggggggaccaccgggtcctggagacctcccagctacccccgaacct 1320
N 6 P V L G P P P G DL P A TP E P

ccataccccattcccgaagagggggaccctggccctcccgggctctctacaccccaccag 1380
P Y P I P E E G P G P P G L 8§ T P H Q

gaagatggcaaggcttggcacctagcggagacagagcactgtggtgccacaccctctaac 1440
E D G K A W H L A E G A T P S8 N

aggggcccaaggaaecaatttatcacccatgactgacqgaqtctgagaaaaqgcagaaga 1500
R P R N Q F I T H D End

aggggggcacaagggcactttocteccettgaggetgecctgeccacgtgggattecacaggg 1560
gecctgagtagggeceggggaagcagagecctaagggattaaggetcagacacctetgaga 1620
gcaggtgggcactggetgggtacggtgecccteccacaggactectecctactgectgagecaa 1680
acctgaggccetecccggcagacccacccacceectggggetgetecageetcaggecacggac 1740
agggcacatgataccaactgctgcccactacggecacgecgcaceggageacggcaccgag 1800
ggagccgecacacggtcaccetgecaaggacgtcacgggecectectaaaggattegtggtge 1860
tcatccccaagettecagagaccetttggggttecacacttecacgtggactgaggtagace 1920
ctgcatgaagatgaaattatagggaggacgctcecttcectececectectagaggagaggaa 1980
agggagtcattaacaactagggggttgggtaggattcctaggtatggggaagagttttgg 2040
aaggggaggaaaatggcaagtgtatttatattgtaaccacatgcaaataaaaagaatggg 2100
acctaaactegtgecgetegtgecgaattectgeag 2136

Fig. 2. Characterization of an LTBR ¢DNA isolated by screening for transformation activity, Amino acid residues of the full-length LTBR protein arc
aligned with the previously determined nucleotide sequence of LTBR cDNA (NM_002342). The cDNA isolated in the present study begins at nucleotide
position 685 (open arrow) of the reported cDNA. The putative translation start site for the truncated (short-type) LTBR protein is boxed. The positions of
primers used for 5'-RACE are indicated by closed arrows.
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Fig. 3. 5-RACE analysis of LTBR cDNA. (A) Total RNA of MiaPaCa-2 cells was incubated with the LTBR-specific RT primer in the presence (+) or
absence (—) of reverse transcriptase, and resulting cDNA was subjected to PCR-based 5'-RACE. The PCR products were fractionated by electrophoresis
through a 1.8% agarose gel and stained with ethidium bromide. Lane M, 1-kb DNA ladder. (B) The positions of the 5" ends of 5-RACE products are
indicated by closed circles in alignment with the reported LTBR ¢cDNA sequence. Numbers on the left indicate nucleotide positions relative to the
translation initiation site of the full-length (wild-type) cDNA. The arrow indicates the 5’ end of the cDNA isolated by retroviral screening in the present

study; the putative translation start codon of this cDNA is boxed.

human protein. The infected cells generated both trans-
formed foci in vitro and tumors in nude mice (Fig. 5).

Discussion

In the present study, we constructed a retroviral cDNA
expression library for a PDC cell line. Given that 80% (24/
30) of the viral plasmids contained cDNA inserts and that
the overall clone number was >1 million, this library
should represent most of the mRNAs in MiaPaCa-2 cells.
We infected 3T3 mouse fibroblasts with this recombinant
library to screen for transforming genes with a focus for-
mation assay. This screen identified KRAS2 with an acti-
vating mutation as a transforming gene of MiaPaCa-2
cells, supporting the fidelity of our approach.

Qur screen also identified a transforming cDNA that
encodes an NH,-terminally truncated form of LTBR. 5'-
RACE analysis revealed the existence of mRNAs for this
short-type LTBR in MiaPaCa-2 cells, and retrovirus-med-
iated expression of the isolated cDNA in 3T3 cells con-
ferred the ability to grow in soft agar in vitro as well as
the ability to form tumors in vivo.

LTBR belongs to the tumor necrosis factor (TNF)
receptor superfamily [9] and binds two functional ligands,

lymphotoxin-a1$2 and LIGHT [10,11]. LTBR is expressed
by many cell types (but not by lymphocytes), whereas
expression of the LTBR ligands is restricted to activated
lymphocytes [11]. Signaling by LTBR is important in the
development of lymphoid tissue and in generation of adap-
tive humoral immune responses [12,13]. In general, LTBR
function is thought to be linked to apoptosis. Indeed, acti-
vation of LTBR by its endogenous ligands or by anti-re-
ceptor antibodies triggers the death of various tumor cell
lines [14,15]. Activation of the LIGHT-LTBR signaling
pathway in tumor cells also induces marked chemokine-de-
pendent recruitment of T cells to tumors, resulting in the
rejection of established tumor cells [16].

LTBR activation has also been linked to tumor develop-
ment, however. Iis activation in fibrosarcoma cells thus
induces angiogenesis and tumor growth by triggering the
release of macrophage inflammatory protein-2, an angiogen-
ic CXC chemokine [17]. Although oncogenic potential has
not previously been demonstrated for LTBR, our data
now show that both the full-length and truncated forms of
this protein possess transforming activity even in the absence
of exogenous cognate ligands. A high level of expression of
LTBR conferred by the retroviral long terminal repeat in
our experiments might have resulted in self-oligomerization
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