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Fig. 4 Inhibition of Ad3S vector-mediated transduction by RGD synthetic peptides. Human CD34* cells were incubated with
RGD synthetic peptides at the indicated concentrations at 4 °C for 1 h prior to the addition of Ad35GFP, and then left for 3 h at

37 °C. Samples were then washed, resuspended in a fresh medium, and incubated at 37 °C. GFP expression levels were measured
48 h after transduction by flow cytometry. The data were normalized to the GFP expression levels (MFI) in human CD34* cells

in the presence of control RGE peptides. The data are expressed as the mean = S.D. (n=3) *P <0.05, **P <0.001 for comparison
with the cells pretreated with control RGE peptides.
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and Ad35ARGDGFP for 3 h at 37 °C. After incubation, the cells were washed five times with ice-cold PBS, and total DNA,
including the Ad vector DNA, was extracted. The copy numbers of the Ad vector DNA were quantified by TagMan PCR. The data
are expressed as the mean mean £ S.D. (n=4)
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Rapid Construction of Small Interfering RNA-Expressing
Adenoviral Vectors on the Basis of Direct Cloning of
Short Hairpin RNA-Coding DNAs

HIROYUKI MIZUGUCHIL 2 NAOKO FUNAKOSHI,! TETSUJI HOSONO,* FUMINORI SAKURAL!
KENJI KAWABATA,! TERUHIDE YAMAGUCH]I,? and TAKAO HAYAKAWA?

ABSTRACT

In the conventional method for constructing an adenoviral (Ad) vector expressing small interfering RNA
(siRNA), short hairpin RNA (shRNA)-coding oligonucleotides are introduced downstream of a polymerase III
(or polymerase IT)-based promoter cloned into a shuttle plasmid. An siRNA expression cassette, which is cloned
into the shuttle plasmid, is then introduced into the E1 deletion region of the Ad vector plasmid by in vitro
ligation or homologous recombination in Escherichia coli, and the linearized plasmid is transfected into 293
cells, generating an Ad vector expressing siRNA. Therefore, two-step plasmid manipulation is required. In
this study, we developed a method by which shRNA-coding oligonucleotides can be introduced directly into
the Ad vector plasmid. To do this, we constructed a new vector plasmid into which the human U6 promoter
sequence was cloned in advance. Unique restriction enzyme sites were introduced at the transcription start
site of the U6 promoter sequence in the vector plasmid. Luciferase and p53 genes were efficiently knocked
down by Ad vectors generated by the new method and expressing siRNA against the target gene. This method
should be useful for RNA interference-based experiments, and should make it easy to construct an siRNA-
expressing Ad vector library for functional screening.

INTRODUCTION moter or the human RNase P RNA HI promoter, are widely
used for the expression of shRNA (siRNA) (Scherer and Rossi,
NA INTERFERENCE (RNAD), which mediates the sequence-  2003), although polymerase Il-based promoters are also used
specific suppression of gene expression in a wide variety ~ (Xia et al., 2002; Shinagawa and Ishii, 2003). The promoter-
of eukaryotes by double-stranded RNA homologies to the tar-  based method has an advantage in that viral vectors as well as
get gene (Scherer and Rossi, 2003), is a powerful tool for the  nonviral vectors can be used for delivery of the siRNA ex-
knockdown of gene expression, Transduction of synthetic small ~ pression unit, whereas only nonviral vectors are used for de-
interfering RNA (siRNA; 19 to 29 nucleotides of RNA) or the livery of synthetic siRNA.
promoter-based expression of siRNA in the cells results in se- Recombinant adenoviral (Ad) vectors have been used ex-
quence-dependent degradation of target mRINA and subsequent  tensively to deliver foreign genes to a variety of cell types and
reduction of target gene expression. Most promoter-based RNAi  tissues both in vitro and in vivo (McConnell and Imperiale,
systems express short hairpin RNA (shRNA), which is then  2004; Volpers and Kochanek, 2004). They can be easily grown
trimmed by Dicer, generating functional siRNA. Polymerase to high titers and can efficiently transfer genes into both di-
IlI-based promoters, such as the small nuclear RNA U6 pro-  viding and nondividing cells. Therefore, Ad vector-mediated
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delivery of an siRNA expression unit, in which a promoter-
based sShRNA expression cassette is delivered into the cell by
the Ad vector, provides a valuable tool for both gene function
studies and therapeutic applications.

Construction of Ad vectors used to be a time-consuming and
labor-intensive procedure, but several improved methods to fa-
cilitate the construction of Ad vectors have been developed (re-
viewed in Mizuguchi ez al., 2001). The homologous recombi-
nation method in El-complementing cell lines (i.e., 293 cells)
has been the most widely used method for generating recom-
binant Ad vectors, and it has greatly contributed to the wide-
spread use of Ad vectors (Bett et al., 1994). The major limita-
tions of this approach are the low frequency of the
recombination event and the tedious and time-consuming
plaque purification procedure required to select the recombi-
nant virus of interest, because a relatively high percentage of
the virus produced is wild type (in most cases, 20~70%), due
to recombination with the Ad sequence integrated into the chro-
mosomes of 293 cells. The improved in vitro ligation method
(Mizuguchi and Kay, 1998, 1999) and the homologous recom-
bination method in Escherichia coli (He et al., 1998), which
are commercially available from Clontech (Palo Alto, CA) and
Invitrogen (Carlsbad, CA), respectively, have now become
widely used, because these systems overcome the limitations
of the homologous recombination method in 293 cells. To con-
struct an Ad vector expressing siRNA by these two methods,
shRNA-coding oligonucleotides are introduced downstream of
the polymerase III (or polymerase II)-based promoter cloned in
a shuttle plasmid. An shRNA (siRNA) expression cassette,
which is cloned in the shuttle plasmid, is then introduced into
the E1 deletion region of the Ad vector plasmid, which clones
a full Ad genome, by simple in vitro ligation or homologous
recombination in E. coli. The resulting plasmid is then lin-
earized and transfected into 293 cells, generating an Ad vector
expressing siRNA. Therefore, two-step E. coli transformation
and plasmid manipulation is required for the improved in vitro
ligation method, whereas three-step E. coli transformation and
plasmid manipulation is required in the homologous recombi-
nation method in E. coli (because a special E. coli strain is used
in the latter method, retransformation into a normal stain of E.
coli is required) (reviewed in Mizuguchi et al., 2001).

In the present study, we developed a simple method for gen-
erating an Ad vector expressing siRNA, in which shRNA-cod-
ing oligonucleotides could be directly introduced into an Ad
vector plasmid containing the human U6 (hU6) promoter se-
quence. Unique restriction enzyme sites were introduced at the
transcription start site of the hU6 promoter sequence cloned into
the Ad vector plasmid. Two types of modified hU6 promoter
sequence were constructed to develop this method. Using this
method, only one-step E. coli transformation is required to gen-
erate an Ad vector plasmid containing an siRNA expression
cassette.

MATERIALS AND METHODS

Cells

AS549 and 293 cells were cultured in Dulbecco’s modified
Fagle’s medium (DMEM) supplemented with 10% fetal calf

serum (FCS). A549-Luc cells, which are stable transformants
with luciferase expression, were cultured in DMEM supple-
mented with 10% FCS. For construction of A549-Luc cells,
A549 cells were transfected with luciferase-expressing plasmid
pGL3-Control-RSVneo, which contains the simian virus 40
(SV40) promoter/enhancer-luciferase cDNA-SV40 p(A) se-
quence and the neomycin expression cassette, using SuperFect
transfection reagent (Qiagen, Valencia, CA). pGL3-Control-
RSVneo was constructed by insertion of the Rous sarcoma virus
(RSV) promoter-driven neomycin expression cassette into
pGL3-Control (Promega, Madison, WI). Monoclonal A549
cells stably expressing luciferase (A549-Luc) were obtained by
geneticin (G418) selection.

Plasmid and virus

The hU6 promoter sequence was amplified from human ge-
nomic DNA (Clontech), using the following primers: hU6-S1,
hU6-AS1, and hU6-AS2 (Table 1). The hU6a and hU6b pro-
moter sequences were amplified with hU6-S1/hU6-AS1 and
hU6-S1/hU6-AS2 primer sets, respectively (see Fig. 2). These
promoter sequences were introduced into pHMS5 (Mizuguchi
and Kay, 1999), and were then transferred into the E1 deletion
region of the vector plasmid pAdHM4.1, a derivative of
pAdHM4 (Mizuguchi and Kay, 1998) (the Xbal site outside the
Ad genome of pAdHM4 was deleted), by an in vitro ligation
method using the I-Ceul and PI-Scel sites (Mizuguchi and Kay,
1998, 1999), resulting in pAdHM4-hU6a and pAdHM4-hU6b,
respectively (Fig. 1A). To construct a vector plasmid contain-
ing an shRNA-coding sequence against luciferase, oligonu-
cleotides 1/2 and 3/4 were synthesized (Table 1), annealed, and
cloned into the Clal and Xbal sites of pAdHM4-hU6a or the
Swal and Xbal sites of pAdHM4-hU6b, generating pAdHMA4-
hU6a-Lu and pAdHM4-hU6b-Lu, respectively. The target se-
quence for siRNA is bp 158 to 176 of luciferase cDNA. For
the construction of vector plasmid containing shRNA-coding
sequence against p53 (Brummelkamp et al., 2002), oligonu-
cleotides 5/6 and 7/8 were used for cloning into the Clal and
Xbal sites of pAdHM4-hU6a or the Swal and Xbal sites of
pAdHM4-hU6b, generating pAdHM4-hU6a-p53 and pAdHM4-
hU6b-p53, respectively. The target sequence for siRNA is bp
775 to 793 of human p53 cDNA.

The original intact hU6 promoter sequence, derived from an
EcoRY/Sall fragment of piGene hU6 (IGENE Therapeutics,
Tsukuba, Japan), was also introduced into the Sphl and Sall
sites of pHMS5 (Mizuguchi and Kay, 1999), resulting in pHM5-~
ihU6. pHM5-ihU6 was then digested with Sall and Xbal, and
ligated with oligonucleotides 9 and 10, resulting in pHMS5-hU6.
In this case, oligonucleotides 11/12 and 13/14 (for the shRNA-
coding sequence against luciferase and p53, respectively) were
introduced into the BspMI site of pHM5-hU6 according to the
report of Miyagishi et al. (2004) and the manufacturer’s in-
structions iGENE Therapeutics); and then an siRNA expression
cassette was inserted into the El-deletion region of pAdHM4
(Mizuguchi and Kay, 1998), using the I-Ceul and PI-Scel sites,
resulting in pAdHM4-hU6-Lu and pAdHM4-hU6-p53, respec-
tively. The sequence was verified with a DNA sequencer (ABI
PRISM 310; Applied Biosystems, Foster City, CA).

Viruses (Ad-hU6-Lu, Ad-hU6a-Lu, Ad-hU6b-Lu, Ad-hU6-
p53, Ad-hU6a-p53, and Ad-hU6b-p53) were prepared by the
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TaBLE 1. OLIGONUCLEOTIDES USED IN THE PRESENT STUDY

Oligonucleotide

Sequence of oligonucleotide (5'-3")

hU6-S1 primer
hU6-AS1 primer

hU6-AS2 primer
Oligonucleotide 1
Oligonucleotide 2
Oligonucleotide 3
Oligonucleotide 4
Oligonucleotide 5
Oligonucleotide 6
Oligonucleotide 7
Oligonucleotide 8
Oligonucleotide 9
Oligonucleotide 10
Oligonucleotide 11
Oligonucleotide 12
Oligonucleotide 13

Oligonucleotide 14

aaggtcgggcaggaagagggeeta

ggtctagaagtategattttcgtetttccacaagatatat
(Xbal and Clal recognition sequences are underlined and italicized, respectively)

ggtctagaagtarttaaartegtectttccacaagatatataa
(Xbal and Swal recognition sequences are underlined and italicized, respectively)

cgacgctgagtacticgaaatticaagagaatiicgaagtactcagegritttiggaaat
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

ctagatttccaaaaaacgctgagtacticgaaartctettgaaarticgaagtactcagegt
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

ccacgelgagiacticgaaatttcaagagaatitcgaagtactcagegttittggaaat
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

ctagatttccaaaaaacgcigagtacticgaaartetcttgaaarticgaaglactcagegtgg
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

cggactccagiggtaatciacticaagagagragattaccactggagtcttttiggaaat
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

ctagatttccaaaaagactccagtggtaatctactetcttgaagtagattaccactggagtce
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

ccgactccagrggtaatctacticaagagagragattaccactggagrctttttggaaat
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

ctagatttccaaaaagactccagtggtaalctactctcttgaagtagattaccactggagicgg
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

tcgacctgecaggceatgeaagettc
(BspMI recognition sequences are underlined)

ctaggaagcttgeatgectgeagg
(BspMI recognition sequences are underlined)

caccacgcergagtacitcgaaatticaagagaatitcgaagtactcagegritttt
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

gcataaaaaacgcrgaglacticgaaattetettgaaatitcgaagtactcagegt
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

caccgactccagiggtaatctacticaagagagtagartaccactggagietttttt
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

gcataaaaagactccagtggtaatctactetettgaagragatiaccactggagic
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)

transfection of a Pacl-linearized vector plasmid (pAdHM4-
hU6-Lu, pAdHMA4-hU6a-Lu, pAdHM4-hU6b-Lu, pAdHM4-
hU6-p53, pAdHM4-hUba-p53, and pAdHM4-hU6b-p53, re-
spectively) into 293 cells as described previously (Mizuguchi
and Kay, 1998). Ad vectors containing only the original intact
hU6 promoter sequence (without a target sequence; Ad-hU6)
were similarly constructed with pHM5-hU6 and pAdHM4. The
virus was purified by CsCl, gradient centrifugation; dialyzed
with a solution containing 10 mM Tris (pH 7.5), 1 mM MgCl,,
and 10% glycerol; and stored in aliquots at —70°C. Determi-
nation of virus particle (VP) titers and infectious titers was ac-
complished spectrophotometrically by the method of Maizel et
al. (1968) and with an Adeno-X rapid titer kit (Clontech), re-
spectively. The infectious titer-to-particle ratio was 1:36 for Ad-
hU6, 1:31 for Ad-hU6-Lu, 1:28 for Ad-hU6a-Lu, 1:24 for Ad-
hU6b-Lu, 1:22 for Ad-hU6-pS3, 1:12 for Ad-hU6a-p53, and
1:15 for Ad-hU6b-p53.

Adenovirus-mediated gene transduction and
luciferase assay

A549 cells (2 X 10° cells) were seeded into a 12-well dish.
The next day, they were transduced with the Ad vectors for 1.5
hr. Determination of luciferase production in the cells and ex-
traction of cellular protein for Western blotting were performed
after a 72-hr culture period. Luciferase production in the cells
was measured with a luciferase assay system (PicaGene LT 2.0,
produced by Toyo Ink [Tokyo, Japan] for Wako [Kyoto, Japan])

Western blotting for p53

Cell extracts were prepared in lysis buffer (25 mM Tris [pH
7.51, 1% Triton X-100, 0.5% sodium deoxycholate, 5 mM
EDTA, 150 mM NaCl) containing a cocktail of protease inhib-
itors (Sigma, St. Louis, MO). The protein content was measured
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FIG. 1. Vector plasmids and the construction strategy for Ad vectors expressing siRNA. (A) Vector plasmids pAdHM4-hU6a
and pAdHM4-hU6b. pAdHM4-hU6a contains a unique Clal site at the transcription start site of the hU6 promoter sequence and
an Xbal site downstream from the promoter sequence. pAdHM4-hU6b contains a unique Swal site at the transcription start site
of the hU6 promoter sequence and an Xbal site downstream from the promoter sequence. (B) Construction strategy for the Ad
vector expressing siRNA. pAdHM4-hU6a was digested with Clal/Xbal and ligated with oligonucleotides for the shRNA-coding
sequence. Ligation products were then digested with Clal to prevent the generation of nonrecombinant parental plasmid. The re-
sulting plasmid was linearized by digestion with Pacl and transfected into 293 cells, generating recombinant Ad vectors ex-

pressing siRNA. pAdHM4-hU6b was similarly used.

with a Bio-Rad assay kit (Bio-Rad, Hercules, CA), using bovine
serum albumin as the standard. Protein samples (10 ng) were
electrophoresed on sodium dodecyl sulfate (SDS)- 12.5% poly-
acrylamide gels under reducing conditions, foliowed by elec-
trotransfer to Immobilon-P membranes (Millipore, Bedford,
MA). After blocking in nonfat dry milk, the filters were incu-
bated with antibodies against p53 (Santa Cruz Biotechnology,
Santa Cruz, CA) and actin (Oncogene Research Products/EMD
Biosciences, San Diego, CA), followed by incubation in the
presence of peroxidase-labeled goat anti-mouse IgG antibody
(American Qualex Antibodies, San Clemente, CA) or peroxi-
dase-labeled goat anti-mouse IgM antibody (Oncogene Re-
search Products/EMD Biosciences). The filters were developed
by chemiluminescence (ECL Western blotting detection sys-

tem; GE Healthcare, Piscataway, NJ). The signals were read
with an LAS-3000 (Fujifilm, Tokyo, Japan), and quantified with
Image Gauge software (Fujifilm).

RESULTS AND DISCUSSION

Rapid and efficient construction of Ad vectors expressing
siRNA offers the promise of using RNA1 in the context of both
gene function analysis and therapeutic applications. In the pres-
ent study, we developed a simple method for constructing Ad
vectors expressing siRNA, based on only one-step in viiro lig-
ation. To do this, we first constructed an Ad vector plasmid
containing the E1- and E3-deleted Ad genome and the hU6 pro-
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(A) Intact hU6 promoter
[~ transcription

GAA ACA CCG
CTT TGT GGC

(B) The hU6a promoter (in this study)

[~ transcription
GAA RAT|cgx GAA AAT CgX XXX «oo »o» ttcaagaga Xxx - e ttttt ggaaa t
CTT TTA G CTT TTA GCX XXX ==+ o aagttctCt XXX »or <o aaaaa ccttt agatc
—_— target sequence loop target sequence transcription Xbat site
Clal (sense) (anti-sense) stop
(C) The hUBb promoter (in this study)
[—®>transcription
GAA TTT|XxXx GAR TTT CCg XXX s+ «o» ttcaagaga XXX - ser ttttt ggaaa t
CTT AAA|xXXHX CTT AAA ggC XXX s»= »or aagttctct xxx sev oo aaaaa ccttt agatc
target sequence loop target sequence transcription Xbal site
Swal (sense) (anti-sense) stop

FIG. 2. Sequences at the transcription start site of the new hU6 promoter. (A) Intact hU6 promoter sequence. (B) hU6a pro-
moter sequence. In this promoter, the Clal site is placed at the transcription start site. (C) hU6b promoter sequence. In this pro-
moter, a Swal site is placed at the transcription start site. ShRNA-coding oligonucleotides to be synthesized for each promoter

are shown as lower-case letters on the right-hand side.

moter sequence in the E1 deletion region, pAdHM4-hU6a and
pAdHMA4-hU6b (Fig. 1A). By introducing the hU6 promoter
sequence into the vector plasmid in advance, the cloning step
of the gene of interest from the shuttle plasmid to the vector
plasmid, which is an essential step in the conventional method
for constructing Ad vectors (namely, the improved in vitro lig-
ation method [Mizuguchi and Kay, 1998, 1999] and homolo-
gous recombination method in E. coli [He et al., 1998]), can be
skipped. To make it possible to directly clone the shRNA-cod-
ing oligonucleotides downstream of the hU6 promoter se-
quence, hU6 promoters containing unique restriction enzyme
sites at the transcription start site have been developed. The new
hU6 promoter sequences contain a Clal or Swal site around the
transcription start site and an Xbal site downstream from the
promoter (Figs. 1 and 2). These enzyme sites were selected be-
cause they do not cut the E1- and E3-deleted Ad genome. Be-
cause the transcription of shRNA might be influenced by the
mutated sequences around the transcription start site, two types
of hU6 promoters, differing by only a few nucleotides, were
constructed. The hU6a promoter sequence contains a Clal site,
whereas the hU6b promoter sequence contains a Swal site.
Clal, Swal, and Xbal sites are unique in the vector plasmids
pAdHM4-hU6a and pAdHM4-hU6b. To generate a recombi-
nant vector plasmid for Ad vectors expressing siRNA, oligonu-
cleotides for shRNA against the target gene were synthesized,
annealed, and ligated with Clal/Xbal-digested pAdHM4-hU6a
or Swal/Xbal-digested pAdHM4-hU6b. Oligonucleotides were
designed so that recombinant vector plasmid containing the
shRNA-coding sequence is redigested with Xbal, but not with
Clal or Swal. By designing oligonucleotides like the one de-
scribed above, the generation of self-ligated plasmid can be
avoided by digestion of the ligation products with Clal or Swal.
On the right side of Fig. 2, DNA sequences, including the
shRNA-coding sequence around the transcription start site of
the hU6 promoter, are shown. Oligonucleotides that must be
synthesized for the shRNA-coding sequence are shown as

lower-case letters. By using the method developed in the pres-
ent study, we could easily generate Ad vectors expressing si-
RNAs against luciferase and human p53. More than 90% of the
recombinant Ad vector plasmids contained the correct insert.
Because the Clal- (or Swal-) and Xbal-digested pAdHM4-hU6a
and pAdHM4-hU6b can be stored at —20°C, only the ligation-
based introduction of oligonucleotides into these sites of the
vector plasmid would be required for the construction of an ap-
propriate vector.

To examine the function of Ad vectors expressing siRNA
against luciferase (Ad-hU6a-Lu and Ad-hU6b-Lu), the effi-
ciency of knockdown of luciferase expression in A549-Luc
cells, which stably express luciferase, was examined by treat-
ment with Ad-hU6a-Lu or Ad-hU6b-Lu (Fig. 3). Ad-hU6-Lu,
in which the hU6 promoter contains the original intact sequence
even after introduction of an shRNA-coding sequence, was used
as a positive control. To generate Ad-hU6-Lu, the shRNA-cod-
ing sequence was first introduced downstream from the hU6
promoter sequence cloned into the shuttle plasmid, according
to the report of Miyagishi et al. (2004) and the manufacturer’s
instructions (iIGENE Therapeutics); the shRNA expression cas-
sette was then introduced into the El deletion region of the Ad
vector plasmid pAdHM4 (Mizuguchi and Kay, 1998). Trans-
fection of a Pacl-digested vector plasmid into 293 cells gener-
ated Ad-hU6-Lu. Ad-hU6, which contains the intact hU6 pro-
moter without the shRNA-coding sequence, and Ad-hU6-p53,
which contains the intact hU6 promoter with the shRNA-cod-
ing sequence against human p53, were similarly constructed
and used as negative controls. Data showed that Ad-hU6a-Lu
and Ad-hU6b-Lu suppressed luciferase expression in A549-Luc
cells as efficiently as Ad-hU6-Lu, in a dose-dependent manner
(Fig. 3). Ad-hU6 and Ad-hU6-p53 showed no effects on lucif-
erase expression. Ad-hU6a-p53 and Ad-hU6b-p53 (these Ad
vectors are used in Fig. 4) also had no influence on luciferase
expression (data not shown). The RNAi effect of luciferase ex-
pression was relatively weak compared with that of p53 (de-
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Non-treatment

300 VP/cell
FIG.3. Suppression of luciferase expression

by Ad vector expressing siRNA. A549-Luc
cells, which stably express luciferase, were
transduced for 1.5 hr with Ad-hU6, Ad-hU6-
p53, Ad-hU6-Lu, Ad-hU6a-Lu, or Ad-hU6b-
Lu at 300, 1000, or 3000 VP/cell. After cul-
turing for 72 hr, luciferase production in the
cells was measured by luminescence assay.
Data are expressed as means and SD (n = 4).

1000 VP/cell

3000 VP/cell

scribed below). This difference probably occurred because the
AS549-Luc cells were expressing luciferase from a strong viral
promoter (SV40 promoter and enhancer) and because the lev-
els of luciferase expression were higher than those of endoge-
nous p53 expression.

We next examined the RNAI effect of the siRNA-express-
ing Ad vector generated in the present study on the endogenous
gene. As a model, we silenced p53 expression in A549 cells
(Fig. 4). Ad-hU6a-p53 and Ad-hU6b-p53 were generated, and
Ad-hU6, Ad-hU6-Lu, and Ad-hU6-p53 were also used. Ad-
hU6-p53 contains the intact hU6 promoter sequence, including
the transcription start site, even after introduction of the shRNA-
coding sequence. A549 cells were transduced with a 300- or
1000-VP/cell of each Ad vector, and cultured for 3 days. Lev-
els of p53 expression were examined by Western blotting. Ex-
pression of actin was also measured as an internal control. Ex-
pression of p33 in AS549 cells was efficiently decreased by
treatment with Ad-hU6a-p53 and Ad-hU6b-p53 as well as with
Ad-hU6-p53. Levels of p53 expression in cells treated with Ad-
hU6-p53, Ad-hU6a-p53, or Ad-hU6b-p53 at 1000 VP/cell were
decreased to 7, 2, and 5%, respectively, relative to cells treated
with Ad-hU6, according to Image Gauge software (Fujifilm)
(in the case of 300 VP/cell, they were decreased to 53, 24, and
30%, respectively). The efficiency of p53 silencing by treat-
ment with Ad-hU6-p53 was slightly lower than that with Ad-
hU6a-p53 or Ad-hU6b-p53. This reduced efficiency is likely
due to the approximately 1.5 to 2 times lower infectious titer-
to-particle titer ratio of Ad-hU6-p53 in comparison with those
of Ad-hU6a-p53 and Ad-hU6b-p53. Ad-hU6 and Ad-hU6-Lu
did not decrease the level of p53 expression (Fig. 4). These re-
sults indicate that new hU6 promoters containing Clal or Swal
sites at the transcription start site should transcribe as efficiently
as the original hU6 promoter, and that Ad vectors containing
the new hU6 promoters efficiently silence target gene expres-
sion. Different vector systems (pAdHM4-hU6a and pAdHM4-
hU6b) should be used according to the specific purpose.

To facilitate the construction of an siRNA expression plas-
mid, the U6 and H1 promoters, which contain Apal, Bbsl, Bglll,
EcoRYV, Sall, and Xbal sites, etc., at the transcription start site,
have been developed (Brummelkamp et al., 2002; Lee et al.,
2002; Paddison et al., 2002; Paul et al., 2002; Sui ez al., 2002;
Yu et al., 2002; Boden et al., 2003). All types of promoters
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worked efficiently, and could be widely used for efficient
RNAI, although the efficiency (activity) of the mutated pro-
moters described above has not been compared with that of the
intact promoter. The present study clearly showed that the mu-
tated hU6 promoter, at least one having a Clal or Swal site at
the transcription start site and an Xbal site downstream of the
promoter sequence, is similar in activity to the intact hU6 pro-
moter and would not influence the function of the promoter.
The method using polymerase chain reaction (PCR)-based
amplification of shRNA together with the U6 promoter fol-
lowed by subsequent cloning of the complete expression cas-
sette directly into the Ad vector genome is another strategy for
one-step construction of recombinant Ad plasmids containing
an siRNA expression cassette. In this method, however, the pro-
cedures described below are required for preparation of insert
DNA: (1) ordering of the PCR primer, (2) PCR, (3) purifica-
tion of the PCR product, (4) restriction enzyme digestion and
purification of the PCR product, and (5) ligation. In our pres-
ent system, only the following procedures are required: (1) or-
dering of the oligonucleotides, (2) hybridization of the oligonu-
cleotides, and (3) ligation. Thus, the present method would be
much easier and would allow any laboratory to easily construct

300 VP/cell 1000 VP/celt
f 1 !
1 2 3 4 5 1 2 3 4 5
- <—p53
== Actin

FIG. 4. Suppression of human p53 expression by Ad vector
expressing siRNA. A549 cells were transduced for 1.5 hr with
Ad-hU6 (lane 1), Ad-hU6-Lu (lane 2), Ad-hU6-p53 (lane 3),
Ad-hU6a-p53 (lane 4), or Ad-hU6b-p53 (lane 5) at 300 or 1000
VP/cell, and then cultured for 3 days. Proteins were then ex-
tracted from the cells, and the levels of p53 expression were
examined by Western blotting. The actin bands served as an in-
ternal control for equal total protein loading. The extra (lower)
bands of p53 are nonspecific.
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Ad vectors expressing siRNA for gene transfer studies and ther-
apeutic applications.

Various types of promoters that are based on polymerase II
as well as polymerase III have been developed to transcribe
shRNA (siRNA) (Xia et al., 2002; Shinagawa and Ishii, 2003).
Although the present study applied the most commonly used
U6 promoter for simple and efficient construction of siRNA-
expressing Ad vectors, this method could easily be applied to
vectors using other promoters including polymerase II-based
promoters. This method can also easily be combined with var-
ious types of improved Ad vectors, such as Ad vectors con-
taining capsid meodification (Koizumi et al., 2003, 2006;
Mizuguchi and Hayakawa, 2004; Kurachi et al., 2006) or Ad
vectors belonging to different subgroups to modify tropism
(Sakurai et al., 2003), and Ad vectors containing a tetracycline-
inducible RNAI system (Hosono et al., 2004). The method de-
veloped in the present study should be a powerful tool for the
application of RNAI, and might facilitate the development of
an siRNA-expressing Ad vector library for functional screening.

ACKNOWLEDGMENTS

The authors thank Risako Nagahashi-Nakano and Tomomi
Sasaki for technical assistance. This work was supported by
grants from the Ministry of Health, Labor, and Welfare of
Japan.

REFERENCES

BETT, AJ, HADDARA, W., PREVEC, L., and GRAHAM, FL.
(1994). An efficient and flexible system for construction of adeno-
virus vectors with insertions or deletions in early regions 1 and 3.
Proc. Natl. Acad. Sci. U.S.A. 91, 8802-8806.

BODEN, D, PUSCH, O,, LEE, F., TUCKER, L., SHANK, P.R., and
RAMRATNAM, B. (2003). Promoter choice affects the potency of
HIV-1 specific RNA interference. Nucleic Acids Res. 31, 5033-5038.

BRUMMELKAMP, T.R., BERNARDS, R., and AGAMI, R. (2002).
A system for stable expression of short interfering RNAs in mam-
malian cells. Science 296, 550-553.

HE, T.C., ZHOU, S., DA COSTA, L.T., YU, J., KINZLER, K.W., and
VOGELSTEIN, B. (1998). A simplified system for generating re-
combinant adenoviruses. Proc. Natl. Acad. Sci. U.S.A. 95,
2509-2514. .

HOSONO, T., MIZUGUCHI, H., KATAYAMA, K., XU, Z.L., SAKU-
RAI F., ISHII-WATABE, A., KAWABATA, K., YAMAGUCHI,
T., NAKAGAWA, S, MAYUMI, T., and HAYAKAWA, T. (2004).
Adenovirus vector-mediated doxycycline-inducible RNA interfer-
ence. Hum. Gene Ther. 15, 813-819.

KOIZUMI, N., MIZUGUCHI, H., UTOGUCHI, N., WATANABE, Y.,
and HAYAKAWA, T. (2003). Generation of fiber-modified adeno-
virus vectors containing heterologous peptides in both the HI loop
and C terminus of the fiber knob. J. Gene Med. 5, 267-276.

KOIZUMI, N., KAWABATA, K., SAKURAL F., WATANABE, Y.,
HAYAKAWA, T., and MIZUGUCH], H. (2006). Modified adeno-
viral vectors ablated for coxsackievirus~adenovirus receptor, e, in-
tegrin, and heparan sulfate binding reduce in vivo tissue transduction
and toxicity. Hum. Gene Ther. 17, 264-279.

KURACHI, S., KOIZUMI, N., SAKURAI F., KAWABATA, K,
SAKURAI, H.,, NAKAGAWA, S, HAYAKAWA, T. and
MIZUGUCHI, H. (2006). Characterization of capsid-modified ade-
novirus vectors containing heterologous peptides in the fiber knob,
protein IX, or hexon. Gene Ther. (in press).

MIZUGUCHI ET AL.

LEE, N.S., DOHJIMA, T,, BAUER, G., LI, H, LI, MJ., EHSANL A,
SALVATERRA, P., and ROSSI, J. (2002). Expression of small in-
terfering RNAs targeted against HIV-1 rev transcripts in human cells.
Nat. Biotechnol. 20, 500-505.

MAIZEL, J.V., Jr., WHITE, D.O., and SCHARFF, M.D. (1968). The
polypeptides of adenovirus. I. Evidence for multiple protein compo-
nents in the virion and a comparison of types 2, 7A, and 12. Virol-
ogy 36, 115-125.

McCONNELL, M.J., and IMPERIALE, M.J. (2004). Biology of ade-
novirus and its use as a vector for gene therapy. Hum. Gene Ther.
15, 1022-1033.

MIYAGISHI, M., SUMIMOTO, H., MIYOSHI, H., KAWAKAMI, Y.,
and TAIRA, K. (2004). Optimization of an siRNA-expression sys-
tem with an improved hairpin and its significant suppressive effects
in mammalian cells. J. Gene Med. 6, 715-723.

MIZUGUCHI, H., and HAYAKAWA, T. (2004). Targeted adenovirus
vectors. Hum. Gene Ther. 15, 1034-1044.

MIZUGUCH]I, H., and KAY, M.A. (1998). Efficient construction of a
recombinant adenovirus vector by an improved in vitro ligation
method. Hum. Gene Ther. 9, 2577-2583.

MIZUGUCHI, H., and KAY, M.A. (1999). A simple method for con-
structing El- and E1/E4-deleted recombinant adenoviral vectors.
Hum. Gene Ther. 10, 2013-2017.

MIZUGUCHIL, H., KAY, M.A., and HAYAKAWA, T. (2001). Ap-
proaches for generating recombinant adenovirus vectors. Adv. Drug
Deliv. Rev. 82, 165-176.

PADDISON, P.J., CAUDY, A.A., BERNSTEIN, E., HANNON, G.J,,
and CONKLIN, D.S. (2002). Short hairpin RNAs (shRNAs) induce
sequence-specific silencing in mammalian cells. Genes Dev, 16,
948-958.

PAUL, C.P., GOOD, P.D., WINER, 1., and ENGELKE, D.R. (2002).
Effective expression of small interfering RNA in human cells. Nat.
Biotechnol. 20, 505-508.

SAKURAIL F., MIZUGUCHI, H., and HAYAKAWA, T. (2003). Effi-
cient gene transfer into human CD34* cells by an adenovirus type
35 vector. Gene Ther. 10, 1041-1048.

SCHERER, L.I., and ROSSI, 1.J. (2003). Approaches for the sequence-
specific knockdown of mRNA. Nat. Biotechnol. 21, 1457-1465.
SHINAGAWA, T., and ISHII, S. (2003). Generation of Ski-knockdown
mice by expressing a long double-strand RNA from an RNA poly-

merase II promoter. Genes Dev. 17, 1340-1345.

SUL G., SOOHOO, C., AFFAR EL, B., GAY, F,, SHI, Y., and FOR-
RESTER, W.C. (2002). A DNA vector-based RNAI technology to
suppress gene expression in mammalian cells. Proc. Natl. Acad. Sci.
U.S.A. 99, 5515-5520.

VOLPERS, C., and KOCHANEK, S. (2004). Adenoviral vectors for
gene transfer and therapy. J. Gene Med. 6, S164-S171.

XIA, H., MAQ, Q., PAULSON, H.L., and DAVIDSON, B.L. (2002).
siRNA-mediated gene silencing in vitro and in vivo. Nat. Biotech-
nol. 20, 1006-1010.

YU, J.Y,, DERUITER, S.L., and TURNER, D.L. (2002). RNA inter-
ference by expression of short-interfering RNAs and hairpin RNAs
in mammalian cells. Proc. Natl. Acad. Sci, U.S.A. 99, 6047-6052.

Address reprint requests to:

Dr. Hiroyuki Mizuguchi

National Institute of Biomedical Innovation
Asagi 7-6-8, Saito

Ibaraki, Osaka 567-0085, Japan

E-mail: mizuguach@nibio.go.jp

Received for publication September 3, 2006; accepted after re-
vision November 12, 2006.

Published online: December 22, 2006.



The Journal of Immunology

Fiber-Modified Adenovirus Vectors Decrease Liver Toxicity
through Reduced IL-6 Production’

Naoya Koizumi,*" Tomoko Yamaguchi,* Kenji Kawabata,* Fuminori Sakurai,*
Tomomi Sasaki,* Yoshiteru Watanabe,” Takao Hayakawa,” and Hiroyuki Mizuguchi®*®

Adenovirus (Ad) vectors are one of the most commonly used viral vectors in gene therapy clinical trials. However, they elicit a
robust innate immune response and inflammatory responses. Improvement of the therapeutic index of Ad vector gene therapy
requires elucidation of the mechanism of Ad vector-induced inflammation and cytokine/chemokine production as well as devel-
opment of the safer vector. In the present study, we found that the fiber-modified Ad vector containing poly-lysine peptides in the
fiber knob showed much lower serum IL-6 and aspartate aminotransferase levels (as a maker of liver toxicity) than the conven-
tional Ad vector after i.v. administration, although the modified Ad vector showed higher transgene production in the liver than
the conventional Ad vector. RT-PCR analysis showed that spleen, not liver, is the major site of cytokine, chemokine, and IFN
expression. Splenic CD11c™ cells were found to secret cytokines. The tissue distribution of Ad vector DNA showed that spleen
distribution was much reduced in this modified Ad vector, reflecting reduced IL-6 levels in serum. Liver toxicity by the conven-
tional Ad vector was reduced by anti-IL-6R Ab, suggesting that IL-6 signaling is involved in liver toxicity and that decreased liver
toxicity of the modified Ad vector was due in part to the reduced IL-6 production. This study contributes to an understanding of
the biological mechanism in innate immune host responses and liver toxicity toward systemically administered Ad vectors and will
help in designing safer gene therapy methods that can reduce robust innate immunity and inflammatory responses. T he Journal

of Immunology, 2007, 178: 1767-1773.

ecombinant adenovirus (Ad)3 vectors are widely used for

gene therapy experiments and clinical gene therapy trials.

One of the limitations of Ad vector-mediated gene trans-
fer is the immune response after systemic administration of the Ad
vector (1, 2). The immune response to the Ad vector and Ad vector-
transduced cells dramatically affects the kinetics of the Ad vector-
delivered genes and the gene products. The potent immunogenic tox-
icities and consequent short-lived transgene expression of Ad vectors
are undesirable properties if Ad vectors are to be more broadly ap-
plied. The immunogenic toxicities associated with the use of Ad vec-
tors involve both innate and adaptive immune responses.

In the first generation Ad vector lacking the EI gene, leaky expres-
sion of viral genes from the vector stimulates an immune response
against the Ad vector-transduced cells (3-5). The CTL response can
be elicited against viral gene products and/or transgene products ex-
pressed by transduced cells. The molecular mechanism of this toxicity
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has been studied extensively, and the helper-dependent (gutted) Ad
vector, which deletes all of the viral protein-coding sequences, has
been developed to overcome this limitation (6—8). The humoral virus-
neutralizing Ab responses against the Ad capsid itself are another
limitation, preventing transgene expression upon the subsequent ad-
ministration of vectors of the same serotype. Because hexons are
mainly targeted by neutralizing Abs, hexon modification has been
reported to allow for escape from neutralizing Abs (9). The Ad vec-
tors belonging to types of the subgroup other than Ad type 5, includ-
ing an Ad type 11- or 35-based vector, or to species other than human
have also been developed (10-13).

Regarding the innate immune response, shortly after systemic in-
jection of the Ad vector cytokines/chemokines are produced and an
inflammatory response occurs in response to the Ad vector and Ad
vector-transduced cells. It has been reported that activated Kupffer
cells (and monocytes and resident macrophages) and dendritic cells
(DC) release proinflammatory cytokines/chemokines such as IL-6,
TNF-q, IP-10, and RANTES, causing the activation of an innate im-
mune response (14, 15). NF-«B activation is likely to play a central
role in inflammatory cytokine/chemokine production (16, 17). Al-
though many papers regarding the innate immune response to the Ad
vector have been published thus far, the biological mechanism has not
been clearly elucidated. Even the cell types responsible for the innate
immune response have not been identified. Understanding the mech-
anism of and identifying the cell types responsible for the innate im-
mune response and liver inflammation are crucial to the construction
of new vectors that are safer and efficiently transduce target tissue.
Modification of the Ad vector with polyethylene glycol (PEG) re-
duces the innate immune response and also prolongs persistence in the
blood and circumvents neutralization of the Ad vectors by Abs (18—
21). We have previously reported that the mutant Ad vector ablating
coxsackievirus and Ad receptor (CAR) (the first receptor) binding, c,
integrin (the secondary receptor) binding, and heparan sulfate glycos-
aminoglycan (HSG) (the third receptor) binding reduced (or blunted)
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liver toxicity and IL-6 production (22). However, these two Ad vec-
tors mediate significantly lower tissue transduction due to steric hin-
drance by PEG chains and a loss of binding activity to the receptor,
respectively (20-22). An Ad vector showing efficient transduction
and reduced innate immune response has not yet been developed.

In the present study, we elucidate the molecular mechanism of
the innate immune response by the Ad vector and characterize the
safer Ad vector, which reduces the innate immune response and
liver toxicity. We found that the fiber-modified Ad vector contain-
ing a stretch of lysine residues (K7 (KKKKKKK) peptide) (23-25)
that target heparan sulfates on the cellular surface greatly reduced
IL-6 and liver toxicity after i.v. injection into mice compared with
the conventional Ad vector. IL-6 and the other immune cytokines,
chemokines, and IFNs were mainly produced from the spleen and
especially from conventional DC (CD11¢*B220" cells), not the
liver. The spleen distribution of the K7-modified Ad vector was
reduced compared with the conventional Ad vector. The K7-mod-
ified Ad vector decreased the liver toxicity (aspartate aminotrans-
ferase (AST) levels), at least in part due to the reduced serum IL-6
levels. Importantly, this K7-modified Ad vector maintained high
transduction efficiency in vivo and showed somewhat higher trans-
gene production in the liver than a conventional Ad vector.

Materials and Methods

Ad vector

Two luciferase-expressing Ad vectors, Ad-L2 and AdK7-L2, have been
constructed previously (25, 26). The CMV promoter-driven luciferase gene
derived from the pGL3-Control was inserted into the E1 deletion region of
the Ad genome. Ad-L2 contains wild-type fiber, whereas AdK7-L2 con-
_tains the polylysine peptide KKKKKKXK in the C-terminal of the fiber knob
(25). Viruses (Ad-L2 and AdJK7-L2) were prepared as described previously
(25) and purified by CsCl, step gradient ultracentrifugation. Determination
of virus particle titers was accomplished spectrophotometrically by the
method of Maizel et al. (27).

Ad-mediated transduction in vivo

Ad-L2 or AdK7-L2 were i.v. administered to C57BL6 mice (1.0 X 10*° virus
particles (VP)) (6-wk-old males obtained from Nippon SLC). Forty-eight
hours later, the heart, lung, liver, kidney, and spleen were isolated and homo-
genated as previously described (28). Luciferase production was determined
using a luciferase assay system (PicaGene 5500; Toyo Inki). Protein content
was measured with a Bio-Rad assay kit using BSA as a standard.

The amounts of Ad genomic DNA in the each organ were quantified
with the TagMan fluorogenic detection system (ABI Prism 7700 sequence
detector; PerkinElmer Applied Biosystems). Samples were prepared
with DNA templates isolated from each organ (25 ng) by an automatic
nucleic acid isolation system (NA-2000; Kurabo Industries). The
amounts of Ad DNA were guantified with the TagMan fluorogenic de-
tection system (PerkinElmer Applied Biosystems) as described in our
previous report (22).

To analyze the involvement of IL-6 signaling in liver toxicity in response to
Ad vector administration, 100 ug per mouse of an anti-IL-6R Ab (clone
D7715A7, BioLegend) that specifically blocks IL-6 signaling was i.p. admin-
istered to C57BL6 mice 1.5 h before Ad-L2 administration (3.0 X 10'° VP).
Rabbit IgG (clone R3-34; BD Biosciences) was administered as a control.
Serum samples and liver tissue were collected 48 h later, and AST levels in the
serum and luciferase production in the liver were determined.

Liver serum enzymes and cytokine levels after systemic
administration

Blood_samples were collected by the inferior vena cave at the indicated
times (3 or 48 h) after i.v. administration of Ad-L2 or AdK7-L2 (3.0 X
10%° and 1.0 X 10! VP, respectively). IL-6 and IL-12 levels in serum
samples collected at 3 h afier Ad injection were measured by an ELISA kit
(BioSource International). The levels of AST in serum samples collected at
24 and 48 h were measured with the Transaminase-CII kit (Wako Pure
Chemical). Forty-eight hours after the Ad vector injection, the mice were
killed and their livers were collected. The liver was washed, fixed in 10%
formalin, and embedded in paraffin. After sectioning, the tissue was dew-
axed in ethanol, rehydrated, and stained with H&E. This process was com-
missioned to the Applied Medical Research Laboratory (Osaka, Japan).

FIBER-MODIFIED Ad VECTORS DECREASE LIVER TOXICITY
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FIGURE 1. Luciferase production and biodistribution of viral DNA af-
ter the i.v. administration of Ad-L2 or AdK7-L2 into mice. Ad-L2 or
AdK7-L2 (1.0 X 10'° VP) was i.v. injected into the mice. Forty-eight hours
later, the heart, lung, liver, kidney, and spleen were harvested, and lucif-
erase production (A) and Ad vector DNA (B) in each organ were measured
by a luciferase assay system or the quantitative TagMan PCR assay, re-
spectively. All data represent the means = SD of 4-6 mice.

Cytokines and chemokines mRNA levels in tissue after systemic
administration

Total tissue RNA samples were isolated by the reagent ISOGEN (Wako
Pure Chemical) 3 h after the i.v. administration of Ad-L.2 or AdK7-L.2
(1.0 X 10" VP). Reverse transcription was performed using the
SuperScript first-strand synthesis system for first-strand cDNA synthe-
sis (Invitrogen Life Technologies) according to the instructions of the
manufacturer. JL-6 and IL-12 mRNA in the liver and spleen were quan-
tified with the TagMan fluorogenic detection system (PerkinElmer Ap-
plied Biosystems). Semiquantified RT-PCR analysis was also per-
formed to determine mRNA levels of the cytokines, chemokines, and
IFNs (total eight mRNA). The primer sequences and probes were as
follows: IL-6 forward, 5'-GAG GAT ACC ACT CCC AAC AGA CC-
3'; IL-6 reverse, 5'-AAG TGC ATC ATC GTT GTT CAT ACA-3’
(reverse); IL-6 probe, 5'-CAG AAT TGC CAT TGC ACA ACT CTT
TTC TCA-3'; IL-12p40 forward, 5'-GGA AGC ACG GCA GCA GAA
TA-3"; IL-12p40 reverse, 5'-AAC TTG AGG GAG AAG TAG GAA
TGG-3'; 1L-12p40 probe, 5'-CAT CAT CAA ACC AGA CCC GCC
CAA-3'; TNF-a forward, 5'-CCT GTA GCC CAC GTC GTA GC-3';
TNF-a reverse, 5'-TTG ACC TCA GCG CTG AGT TG-3'; RANTES for-
ward, 5'-ATG AAG ATC TCT GCA GCT GCC CTC ACC-3’; RANTES
reverse, 5'-CTA GCT CAT CTC CAA ATA GTT GAT G-3'; MIP-2 for-
ward, 5'-ACC TGC CGG CTC CTC AGT GCT GC-3'; MIP-2 reverse,
5'-GGC TTC AGG GTC AAG GCA AAC-3'; IFN-a forward, 5'-AGG
CTC AAG CCA TCC CTG T-3'; IFN-a reverse, 5'-AGG CAC AGG GGC
TGT CTT TCT TCT-3'; IEN-8 forward, S'-TTC CTG CTG TGC TTC
TCC AC-3'; IFN-B reverse, 5'-GAT TCA CTA CCA GTC CCA GAG
TC-3'; IFN-y forward, 5'-GAG GAT ACC ACT CCC AAC AGA CC-3";
IFN-v reverse, 5'-AAG TGC ATC ATC GTT GTT CAT ACA-3';
GAPDH forward, 5'-TTC ACC ACC ATG GAG AAG GC-3'; and
GAPDH reverse, 5'-GGC ATG GAC TGT GGT CAT GA-3'. The ex-
pected sizes of the PCR products are as follows: IL-6, 193 bp; IL-12p40,
155 bp; TNF-¢, 374 bp; RANTES, 252 bp; MIP-2, 221 bp; IFNa, 272 bp;
IFNB, 607 bp; IFN-v, 306 bp; and GAPDH, 237 bp.





