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Table 2. Variation among individuals determined with gPCR*
Relative expression (Exp/Coni, Mean+ SD)
Group
Gapdh c-Jun Cengl Hsp27 Rad52
Saline 4 h 1.00+£0.14 1.00+0.26 1.00+£0.18 1.00£0.07 1.00+0.14
DEN 4 h 0.92+0.14 13.71+2.11 6.50%0.86 2.47+0.47 1.56+0.23
Saline 28 d 1.00+0.07 1.00+0.24 1.000.16 1.00+0.12 1.00+0.12
DEN 28 d 1.03£0.09 1.15+0.26 1.57+0.21 0.83+0.07 0.97+0.06

*Experiment 111, livers from 5 mice cach of experimental groups (4 h and 28 days) and control group were used. Mean of control group is presented

as 1.00.

Bax

Fig. 6. Suggested gene network of seven p53 target genes analyzed
using Ingenuity Pathways Analysis,

material were desirable.

Recent reports have described changes in gene expres-
sion in DEN-induced mouse liver tumors (22-24) and
DEN-treated rat liver (25) with different DNA microar-
rays containing different genes, but no studies have
focused on the DNA damaging time of 4 h nor the
mutation fixing time. of 28 days; thus, different gene
expressions were detected. As well, there are no reports
which compare changes in gene expression in mouse
liver for DEN and DPN exposures. The present study
showed that DEN and DPN induced very similar
changes in gene expression in mouse liver at 4 h and 28
days after their administration, suggesting a similar
response mechanism. Gene expression changes with PB
(25-27) and EtOH (28) were previously studied in mouse
or rat liver at different time points with different DNA
microarrays containing different genes, resulting in
different gene expressions being detected.

In the present DNA microarray we mainly selected
genes that have been linked with the action of genotoxic
carcinogens. As a result we could find characteristic
gene expression increases for DEN and DPN, but we
could not find genes that were specifically responsive to
the non-genotoxic carcinogen PB or to the non-carcino-
genic toxin EtOH. Decreased-expression genes were
observed among the 268 genes in the present results (not
shown). However, characteristically decreased genes
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were not found for DEN, DPN, PB or EtOH in the
present 268 gene-list.

In the first step of characterizing our microarray sys-
tem, we examined 20mer, 30mer and 40-47mer
oligonucleotides as probes (data not shown) and con-
cluded that 40-47mer oligonucleotides showed sufficient
strength of fluorescence. In an early trial, we prepared
c¢DNA microarray with PCR products of 400 bp length.
However these cDNA microarrays were less sensitive
than the present oligonucleotide microarray (data not
shown).

In conclusion, we have used DNA microarray and
gPCR to show (1) that in comparison to PB and EtOH,
the genotoxic carcinogens DEN and DPN induced
differential gene expression in p53 target genes in mouse
liver 4 h after chemical administration (a time when
DNA damage is induced by N-nitroso carcinogens), and
(2) that these acute responses remained only partially in
liver 28 days after administration, a time when little
DNA damage remains but mutations are observed. We
will continue further studies to add other useful genes to
our DNA microarray, including high throughput DNA
microarray studies in mouse liver and preparation of in-
house oligonucleotide microarray for characterizing
mutagenic and carcinogenic compounds; these data will
be applied to the study of chemical risk assessment.
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Technical Report

Rapid Construction of Small Interfering RNA-Expressing
Adenoviral Vectors on the Basis of Direct Cloning of
Short Hairpin RNA-Coding DNASs

HIROYUKI MIZUGUCHI, !> NAOKO FUNAKOSHI,! TETSUJI HOSONO,* FUMINORI SAKURAL!
KENJI KAWABATA,! TERUHIDE YAMAGUCHI,? 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 111
(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 vifro
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 sShRNA (siRNA) (Scherer and Rossi,
NA INTERFERENCE (RNAI), which mediates the sequence-  2003), although polymerase TI-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 sSIRNA in the cells results in se- Recombinant adenoviral (Ad) vectors have been used ex-
quence-dependent degradation of target mRNA 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 virre and in vive (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-
I1T-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 shRNA 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 e 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 er al., 1994). The major limita-
tions of this approach are the low frequency of the
recombination event and the tedious and time-consuming
plague 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 virro ligation method
(Mizuguchi and Kay, 1998, 1999) and the homologous recom-
bination method in Escherichia ceoli (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 IIT (or polymerase IT)-based promoter cloned in
a shuttle plasmid. An shRNA (siRNA) expression cassette,
which is cloned in the shuttle plasmid, is then introduced into
the El deletion region of the Ad vector plasmid, which clones
a full Ad genome, by simple in vitre ligation or homologous
recombination in E. coli. The resulting plasmid is then lin-
carized 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 1s 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-
guence. 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

A549 and 293 cells were cultured in Dulbecco’s modified
Eagle’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,
A3549 cells were transfected with luciferase-expressing plasmid
pGL3-Control-RSVneo, which contains the simian virus 40
(SV40) promoter/enhancer-luciferase ¢DNA-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 (G4 18) 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-AS?2 primer sets, respectively (see Fig. 2). These
promoter sequences were introduced into pHMS (Mizuguchi
and Kay, 1999), and were then transferred into the El 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 vitre 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 pAdHM4-
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 pS3 (Brummelkamp er al., 2002), oligonu-
cleotides 5/6 and 7/8 were used for cloning into the Cial 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
EcoRl/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 pHMS5-
ihU6. pHM5-ihU6 was then digested with Sa/l 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 er 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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TaBrLe |. OLiGoONUCLEOTIDES USED IN THE PRESENT STUDY

Oligonucleotide

Sequence of oligonucleotide (5'-3")

hU6-S1 primer
hU6-AS1 primer

aagglcgggcaggaagagggecta
getctagaagtare gartttegtetttccacaagatatat

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

hU6-AS2 primer

getetagaagtatitagancgtectitceacaagatatataa

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

Oligonucleotide 1

cgacgelgaglacicgaaatiicaagagaatitcgaaglactcagegittiiitg gaaat

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

Oligonucleotide 2

clagatticcaaaaaacgelgaglacile gaaaltclcigaaatitcgaaglactcagegl

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

Oligonucleotide 3

ccacgelgaglacitcgaaartticangagaanicgaagtactcagegitttggaaat

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

Oligonucleotide 4

ctagatttccaaaaaacgeigaglacticgaaattetettgaaartic gaaglaclcagegiog

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

Oligonucleotide 5

cggaciceagigglaatclaciicaagagaglagatiaccactggagretttitg gaaat

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

Oligonucleotide 6

ctagatttccaanaagaciccaglggluatctactelettgaaglagattaccactggagic

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

Oligonucleotide 7

cegactecaglggluatclacticaagagagiagaliaccactggagloittttggaaat

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

Oligonucleotide 8

ctagatticcaaaaagactceaglgglaatctactetetigaagiagattaccactggagegg

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

Oligonucleotide 9

tcgacctgcag geatgcaagcettc

(BspMI recognition sequences are underlined)

Oligonucleotide

0 ctaggaagettgeatgeetgeagg

(BspMI recognition sequences are underlined)

Oligonucleotide 11 caccacgelgaglaciicgaaailicaagagaaltic guagtacicage gt
(loop sequences and siRNA-coding sequence are underlined and italicized, respectively)
Oligonucleotide 12 geataanaawcgclgagtacticgauancletigaaatiicgaagiacicageg!t

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

Oligonucleotide

3 caccgaclceagigglaatctaclicaagagagiagaliaccactggagictitit

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

O]igonuclbotide

4 geataaaaagaciceagigglaalclacleleligaagtaganaccactggagic

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

transfection of a Pacl-linearized vector plasmid (pAdHM4-
hU6-Lu, pAdHM4-hU6a-Lu, pAdHM4-hU6b-Lu, pAdHM4
hU6-p53, pAdHM4-hU6a-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), | 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 er
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-
hUéb-Lu, 1:22 for Ad-hU6-p53, 1:12 for Ad-hU6a-p53, and
1:15 for Ad-hU6b-p53.

Adenovirus-mediated gene transduction and
luciferase assay

AS549 cells (2 ¥ 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 Tns [pH
7.5], 1% Triton X-100, 0.5% sodiuom 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-hUGa 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-hUb6b was similarly used.

with a Bio-Rad assay kit (Bio-Rad, Hercules, CA), using bovine
serum albumin as the standard. Protein samples (10 ug) were
electrophoresed on sodium dodecyl sulfate (SDS)- 12.5% poly-
acrylamide gels under reducing conditions, followed by elec-
trotransfer to Tmmohilon-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 RNAIi 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 vitro 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
ACA CCG :

CTT TGT GGC

(B) The hUBa promoter (in this study)

—® transcription
GAA AAT |cgx GAA AAT CgX XXK ==+ »o= ttcaagaga xxx - - ttttt ggaaa t
CTT TTA CTT TTA GTX XXX «-+ «- aagttctlt Xxx -+ -+ aaaaa CCttt agatd
target sequence loop targel sequence  transcription Xbal site
Clal (sense) (anti-sense) stop
(C) The hU6b promoter {in this study)
—® iranscription
GARA TTT|xxx GAA TTT €Cg XXX -+ - ttcaagaga XxXx - +-+ ttttt ggaaa t
CTT AAA|XXX CTT ARA ggc XXX +»» «+ gagttctct xxx -+ <« aaaaa CCttt agatd
target sequence loap targel sequance  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
pAdHM4-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 sc-
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. | 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-
RNAg 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 er al. (2004) and the manufacturer's
instructions (iIGENE Therapeutics): the shRNA expression cas-
sette was then introduced into the E1 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 RNAj effect of luciferase ex-
pression was relatively weak compared with that of p53 (de-
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3. 3. Suppression of luciferase expression
by Ad vector expressing siRNA. A549-Loc E—Eﬂ ::::ﬁ-p!ﬂ'
cells, which stably express luciferase, were Ad-hU§-Lu
transduced for 1.5 hr with Ad-hU6, Ad-hU6- 1000 VP/cell Ad-hU6a-Lu
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Lu at 300, 1000, or 3000 VP/cell. After cul-
turing for 72 hr, luciferase production in the
cells was measured by luminescence assay. 3000 VP/cell

Data are expressed as means and SD (n = 4).
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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 p53 in AS49 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-pS3 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-hUb6a and pAdHM4-
hU6b) should be used according to the specific purpose.

To facilitate the construction of an siRNA expression plas-
mid, the U6 and HI promoters, which contain Apal, Bbsl, Bglll,
EcoRV, Sall, and Xbal sites, etc., at the transcription start site,
have been developed (Brummelkamp er al.. 2002; Lee er al.,
2002; Paddison et al., 2002: Paul er al., 2002: Sui e al., 2002;
Yu et al., 2002; Boden er al., 2003). All types of promoters

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 VFicell 1002 YP.call
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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 11
as well as polymerase [l 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 modification (Koizumi er al, 2003, 2006;
Mizuguchi and Hayakawa, 2004: Kurachi er 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 ef 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.
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We previously reported that CD31°7#" cells, which were
sorted from cultured AC133% cells of adult peripheral blood
cells, differentiated more efficiently into endothelial cells than
CD31% cells or CD317 cells, suggesting that CD31""" cells
may be endothelial precursor cells. In this study, we found that
CD31"" cells have a strong ability to release cytokines. The
mixture of vascular endothelial growth factor (VEGF), thrombo-
poietin (TPO), and stem cell factor stimulated ex vivo expansion
of the total cell number from cultured AC133" cells of adult
peripheral blood cells and cord blood cells, resulting in incre-
mentation of the adhesion cells, in which endothelial nitric
oxide synthase and kinase insert domain-containing receptor
were positive. Moreover, the mixture of VEGF and TPO
increased the CD31""'#" cell population when compared with
VEGEF alone or the mixture of VEGF and stem cell factor. These
data suggest that TPO is an important growth factor that can
promote endothelial precursor cells expansion ex vivo.

Neovascularization is an important adaptation to rescue tissue
from critical ischemia. Postnatal blood vessel formation was for-
merly thought to be primarily due to the migration and prolifera-
tion of preexisting, fully differentiated endothelial cells, a process
referred Lo as angiogenesis. Recent studies provide increasing evi-
dence that circulating bone marrow-derived endothelial progeni-
tor cells (EPCs)? contribute substantially to adult blood vessel for-
mation (1-5). Cell therapy using EPCs is widely performed Lo
rescue tissue damaged due to critical ischemia.

Although EPCs have been thought to be derived from many
kinds of cells, cells characterized as CD34™ (6), AC1337 (7, 8),
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SCF, stem cell factor; G-CSF, granulocyte colony-stimulating factor; GM-
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eNOS, endothelial nitric oxide synthase; FBS, fetal bovine serum; STAT,
signal transducers and activators of transcription; JAK, Janus kinase; KDR,
kinase insert domain-containing receptor.
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and CD14" (9) are also thought to differentiate to EPCs. The
main role of EPCs has been thought to be the release of angio-
genic factors such as interleukin-8 (IL-8), granulocyte colony-
stimulating factor (G-CSF), hepatocyte growth factor, and vas-
cular endothelial growth factor (VEGF) (9). To obtain a
sutticient number of EPCs for the treatment may be very impor-
tant in cell therapy for critical ischemia.

Onthe other hand, EPCs are mobilized from bone marrow by
many substances such as G-CSF (10), granulocyte macrophage-
colony stimulating factor (GM-CSF) (5), VEGF (3), erythropoi-
etin (11-13), and statins (14, 15) in vivo. To get as many EPCs as
possible without unduly burdening the patient, it is desirable to
establish efficient expansion methods for EPCs in vitro.

Thrombopoictin (1'PQ), initially identified as the primary
regulator of platelet production (16), plays an important and
nonredundant role in the self-renewal of and expansion meth-
ods for hematopoictic stem cells (17-19). Recently, TPO has
been found to exert a proangiogenic effect on cultured endo-
thelial cells (20). The mechanism by which hematopoietic cyto-
kines support revascularization in vivo, however, remains
unknown. 1PO has increased the number of colony-forming
units-granulocyte-macrophage (21) and of burst-forming
units-erythroid (22) in vivo and leads to a redistribution of col-
ony-forming units-erythroid from marrow to spleen. More-
over, I'PO acts in synergy with erythropoietin to increase the
growth of burst-forming units-erythroid and the generation of
colony-forming units-erythroid from marrow cells (21, 23, 24).

In our previous study (25), we isolated ACL337 cells
and examined their endothelial differentiation in vitro.
CD31(PECAM-1)" and CD31""#" cells appeared at an early
stage of the in vitro differentiation of AC133" cells, and
CD31°7" cells derived from AC133" cells were identified as
the precursors of endothelial cells because CD317 " cells had
differentiated more efficiently to endothelial cells than others.
Therefore, we conclude that CD31°*" cells derived from
AC1337 cells possess the typical character of EPCs. In this
study, we analyzed the effects of TPO on the appearance of
CD31"#M cells from AC1337 cells, and we show that 1PO
plays an important role in in vitro EPC expansion.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant 1PO and recombinant stem cell
factor (SCF) were kindly provided by Kirin-Amgen Inc. (Thou-
sand Qaks, CA). Recombinant human VEGF was purchased
from Strathmann Biotec AG (Hamburg, Germany). The AC133
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magnetic cell sorting kit and phycoerythrin (PE)-conjugated
anti-CD133/2 antibody were from Miltenyi Biotec (Gladbach,
Germany). Allophycocyanin-conjugated anti-CD110 (1'PO
receptor) antibody, fluorescein isothiocyanate (FITC)-conju-
gated anti-CD31 monoclonal antibody, FITC-conjugated anti-
CD34 monoclonal antibody, and anti-S$1'A’1'3 monoclonal anti-
body were from Pharmingen. Phycoerythrin-conjugated
vascular endothelial cadherin (VEcad/CD144) antibody was
from Beckman Coulter (Marseilles, France). Anti-vascular
endothelial growth factor receptor-2 (Flk-1/KDR) monoclonal
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
and anti-human endothelial nitric oxide synthase (eNOS)
rabbit polyclonal antibody (Cayman Chemical, Ann Arbor,
MI) were obtained. Anti-phospho- Akt (Ser-473) antibody,
anti-Akt antibody, and anti-phospho-STAT3 (I'yr-705)
antibody were from Cell Signaling Technology (Beverly,
MA). Fibronectin (FN)- and type IV collagen-coated dishes
were purchased from Iwaki Co., Tokyo, Japan. Phyco-
erythrin-conjugated anti-CID14 antibody was from DakoCy-
tomation (Glostrup, Denmark).

Preparation of Peripheral Blood Mononuclear Cells—Human
cord blood was kindly supplied by the Metro Tokyo Red Cross
Card Blood Bank (1'okyo, Japan) with informed consent. ‘T'he
buffy coat fraction was prepared from voluntary donated
human blood of Saitama Red Cross of Japan (Saitama, Japan).
T'he blood sample was diluted with phosphate-buffered saline
(PBS) containing 2 mm EDTA and was loaded on a Lym-
phoprep"™ tube (Axis-Shield PoC AS, Oslo Norway) (den-
sity = 1.077). After being centrifuged for 20 min 800 X g al
18 °C, mononuclear cells were collected and washed with sort-
ing solution (PBS supplemented with 2 mm EDTA and 0.5%
bovine serum albumin).

Flow Cytometric Analysis of AC133 and CD34 Expression in
Mononuclear Cells—To eliminate the dead cells, dead cells
were stained with 7-amino actinomycin D. Mononuclear cells
were labeled with PE-conjugated anti-AC133 monoclonal anti-
body and FITC-conjugated anti-CD34 monoclonal antibody
simultaneously at 4 °C for 30 min. After washing with the sort-
ing solution, flow cytometric analysis was performed with a
FACSCalibur (BD Biosciences).

Magnelic Cell Sorting of AC133" Cells—Mononuclear cells
were labeled with magnetic bead-conjugated anti- AC133 antibod-
ies according to the protocol directed by the manufacturer. After
the briefwash with the sorting solution, the cells were separated by
a magnetic cell separator (autoMACS, Miltenyi Biotec, Gladbach,
Germany), and the positive cells were then collected.

Culture of ACI33" Cells—Isolated AC133™ cells were cul-
tured in EBM-2 (Cambrex Corp., East Rutherford, NJ) medium
containing 20% heat-inactivated FBS and 30 mg/liter kanamy-
cin sulfate at 37 “C under moisturized air containing 5% CQO,,
with 50 ng/ml VEGF as control medium. Control medium con-
taining VEGF was added with 1'PO, SCF, or both. Cells were
plated on FN- or type IV collagen-coated dishes at a cell density
of ~10° cells/ml. We have previously shown that EPCs can
tightly adhere to an FN-coated dish but weakly to type IV col-
lagen-coated dish (25). Analysis of adherent EPCs was per-
formed on FN-coated dish and that of suspended EPCs on type
IV collagen-coated dish. Half of the medium was exchanged
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once every 3-4 days with fresh medium. Adherent cells on
FN-coated dish were fixed with ethanol chilled to —20 *C and
then subsequently subjected to an immunostaining procedure
or other treatments. Cells on type IV collagen-coated dish were
subsequently subjected to flow cytometric analysis,

Immunostaining of Adherent Cells—After fixation with
chilled ethanol (—20 "C), the cell layer was washed three times
with PBS. Cells were incubated with 1% bovine serum albumin
in PBS (=) for 1 h at 4 °C for blocking and then with each first
antibody in 1% bovine serum albumin in PBS (=) for 1 h at 4 °C.
After washing with PBS, the cells were incubated with FITC-
conjugated anti-mouse IgG antibody or rhodamine-conjugated
anti-rabbit IgG antibody for 1 h at 4 “C. Cells were washed with
PBSand then examined using a Zeiss LSM 510 microscope with
an excitation wavelength of 488 nm and an emission of 530/30
nm for FITC or 570/30 nm for rhodamine,

In every experiment, we used nonspecific immunoglobulin
corresponding to the first antibody species as a control and
confirmed that the cells were not stained with control immu-
noglobulin. The fluorescence intensity of 20 randomly selected
cells was calculated using the Scion Image program within the
linear range for quantitation.

Analysis of Cytokines in the Supernatant of CD31""" and
CD31" Cells—The expression of CD31 on cultured AC133"
cells was determined with a flow cytometer. After AC133 ' cells
were cultured for several days on either FN-coated or collagen
type IV-coated dishes, both adherent and nonadherent cells
were collected. The collected cells were labeled with FI'1'C-la-
beled anti-CID31 antibody for 15 min at 4 “C. After a brief wash
with 0.5% bovine serum albumin in PBS, flow cytometric anal-
ysis was performed. CD31"*" and CD317 cells were sorted
from cultured AC133" cells with FACSAria (BD Biosciences).
Sorted cells of both populations were subsequently cultured in
EBM-2 supplemented with 20% FBS in the absence of any cyto-
kines. After 5 days, the collected supernatant of cells was frozen
at —20°C. Cytokines were measured by a BD"™ cytometric
beads array Flex set system (BD Biosciences) according to the
manufacturer’s protocol.

Flow Cytometric Analysis of Various Cell Surface Markers in
Cultured AC133" Cells—After AC133" cells were cultured for
the indicated period, cells were co-stained with FITC-labeled
anti-CD31 antibody and PE-labeled anti-CID14 antibody or PE-
labeled VEcad antibody. Cells were also stained with FITC-
labeled anti-CD31 antibody, allophycocyanin-labeled anti-
CD110 antibody, and PE-labeled anti-AC133 antibody triply
and then subjected to flow cytometry. Dead cells were elimi-
nated by staining with 7-amino actinomycin D.

Calculation of the Absolute Number of CD31""¥" Cells—The
absolute number of CD31""#" cells was multiplied by the total
cell number of cach well, and the ratio of CD31°#™ colls was
analyzed by fluorescence-activated cell sorter.

Preparation of Cell Lysates and Immunoblotting— After cell
sorting, AC133™ cells were suspended in 20% FBS-EBM?2 and
cultured for 3 days in the presence of VEGF and TPO. Cells
were collected and incubated in 2% FBS-EEM2 for 1 h. Cells
were stimulated by 50 ng/ml TPO, 50 ng/ml VEGF, or both for
15 min. Cells (1 X 10°) were collected and lysed in lysis buffer
containing 1% "Iriton X-100, 10 mm K,HPO,/KH,PO, (pH
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FIGURE 1.In vitro differentiation of AC133™ cells of cord blood into endo-
thelial cells. A, expression of AC133 and CD34 cells in human cord blood and
peripheral blood mononuclear cells was analyzed by staining with AC133-PE
(vertical axis) and CD34-FITC (honzontal axis). The numbers in the flow cyto
metric dot blots indicates the percentage of each population = S.D. B, when
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7.5), 1 mm EDTA, 5 mm EGTA, 10 mm MgCl,, and 50 mm
B-glycerophosphate, along with 1/100 (v/v) protease inhibitor
mixture (Sigma) and 1/100 (v/v) phosphatase inhibitor mixture
(Sigma). The cellular lysate of 5 X 10° cells/lane was subjected
to Western blotting analysis.

Statistical Analysis—Statistical analysis was performed using
the unpaired Student’s ¢ test, and the dose response of TPO was
compared between the four groups by one-way analysis of vari-
ance and the Tukey test using Prism 4 software. Values of p <
0.05 were considered to indicate statistical significance. Each
experiment was repeated three times, and the representative
data are indicated.

RESULTS

We previously reported that during the in vitro differentia-
tion of peripheral blood AC133" cells into the endothelial cells,
the expression of C1D31 was the earliest marker among all of the
tested markers (25). Moreover, by analyzing the ability of dif-
ferentiation into endothelial cells, D317
to exhibit EPC character when compared with the CD31" frac-

cells were shown

tion. Since cord blood is a rich source of blood stem cells such as
CD34 "' and AC133 " cells, it is expected to be a useful source for
CD31"EM cells, At first, we attempted to determine whether
the CD31°78M fraction derived from cord blood AC1337 cells

contained EPCs. As shown in Fig. 14, the populations of

AC133" CD347 cells, ACI337 CD34' cells, and AC133
CD34" cells in cord blood were approximately four times
greater than those in peripheral blood (Fig. 1A). After 5 days of
cultivation of AC133" cells on an FN-coated dish, adherent
CD31-positive cells were observed (Fig. 1B, upper panel). Anal-
vsis of the fluorescence intensity of CD31-positive cells
revealed that the average fluorescence intensity in CD31 ' cells
was highest on day 5 (Fig. 1B, lower panel), corresponding to the
results of peripheral blood cells.

After 1 week of cultivation of AC133 " cells on a collagen type
IV-coated dish, on which cells adhered more loosely when
compared with the FN-coated dish, cells were collected and
sorted into CD31' and CD31""*" fractions, as shown in Fig.
1C, panel a, and both cell types were cultured on an FN-coated
dish for 1 week after the sorting. The number of cells adhering
and spreading was higher in the CD31"™&" fraction (Fig. 1C,
panel ¢) than in the CD317 [raction (Fig. 1C, panel b), and these
adhering cells are apparently KDR- (Fig. 1C, panel d) and
eNOS-positive (Fig. 1C, panel e). I'he large areas of intense
green [luorescence represent the colonies of CD31TPY cells,
These data indicate that CD31P cells derived from AC133"
cells of both peripheral blood and cord blood are EPCs.

anti-CD31 antibody after a 5-day culture. Quantitation of the fluorescence
intensity of 20 CD31-positive cells was analyzed as described under “Experi-
mental Procedures.” Columns and bars represent the means = 5.D. from 20
cells (B, lower panel). C, the CD31-negative, positive, and bright cell popula-
tions prepared after 1-week cultivation of AC133 " cells are shown in a repre-
sentative histogram stained with FITC-conjugated anti-CD31 antibody. The x
axis represents the log fluorescence intensity of CD31-FITC, y axis relative cell
number (panel a). Panels b and ¢ show phase-contrast microscopic photo-
graphs of cultured CD31-positive and bright cells, respectively, subsequently
cultured for 1 week after cell sorting. The bottom panels d and e show the
fluorescent photomicrographs of adhesion cells from the CD31%"9" fraction
stained with anti-KDR antibody and anti-eNOS antibody, respectively. Scale
bar, 100 um.
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FIGURE 2. Various cytokines released from CD31" cells and CD31%ah
cells. Production of various cytokines from CD31 ' cells and CD31°"9" cells
derived from AC133" cells cultivated for 5 days was measured. Gray columns
indicate the cytokine production by cells from peripheral blood and open
columns from cord blood. Columns and bars represent the means = S.D. from
three separate experiments. TNF, tumor necrosis factor; Pos, positive; MCP-1,
monocyte chemoattractant protein-1

Several reports have shown that EPCs produce cytokines (9,
26, 27), but the ability of CD31" or CD31°7&" cells derived
from AC133" cells to produce cytokines is not known. After
cell sorting, quantitative analysis of cytokines released by
CD31° cells and CD31P7'#" cells was carried out at 5 days after
the cultivation. As shown in Fig. 2, IL-8 was markedly produced
by CI>31"""#" cells from both peripheral blood and cord blood
when compared with CD31" cells. The production of mono-
cyle chemoattractant protein-1 (MCP-1) by CD31%# cells
was also higher than that of CD31" cells. The production of
VEGF was higher by CD31°"" ¢ells than by CD31" cells but
not significantly. The production of all cytokines by C31Pright
cells from peripheral blood was higher than that from cord
blood. T'umor necrosis factor-«, GM-CSF, and G-CSF were
hardly produced by CD31"#" and CD31°* cells. These data
indicate that CD31""'¢" cells derived from AC133" cells have a
strong ability to produce chemokincs.

It has been reported that TPO and SCF are potent stimula-
tors of multipotent cell proliferation (17, 19). Next, the effects
of bath growth factors on EPC growth and differentiation in our
culture system were determined. After the addition of both
I'PO and SCF for 2 weeks, the expression of eNOS and KDR in
adhered cells was analyzed (Fig. 3A4). Fig. 34 clearly indicates
that AC133™ cells from both peripheral blood and cord blood
differentiate into eNOS™ and KDR™ cells more efficiently in the
presence of the mixture of TPO, SCF, and VEGF than of VEGF
alone. Flow cytometric analysis revealed that the ratio of
CD31" " CD147 cells increased in the presence of the mix-
ture of TPO, SCF, and VEGF when AC133" cells were cultured
on collagen type IV-coated dish for 1 week (Fig. 3B).

We next examined which growth factor is dominant in the
induction and proliferation of CD31°"#" cells. The total cell
number of cultured AC133" cells from both peripheral blood
(Fig. 4A, upper panel) and cord blood (Fig. 44, lower panel)
significantly increased in the presence of TPO, SCF, or both
growth factors when compared with that of VEGF alone during
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FIGURE 2. Increment of EPCs from AC133™ cells in the presence of TPO
and SCF. A, AC133" cells were differentiated for 2 weeks in the presence of
either VEGF alone or the combination of TPO, SCF, and VEGF on an FN-coated
dish. The upper and middle panels indicate the fluorescent photomicrographs
of cells stained with anti-eNOS antibody and anti-KDR antibody, respectively
The bottom panels indicate the merged images of both antibadies. From the
left side, control (Cont) and the mixture of peripheral blood, control, and the
mixture of cord blood. Scale bar, 100 um. B, CD14 and CD31 expression in
cultured AC133 7 cells for 1 week was stained with CD14-PE (vertical axis) and
CD31-FITC (horizontal axis). The upper panel indicates cells treated with VEGF
alone, and the lower panel indicates cells treated with the mixture of VEGF,
SCF, and TPO. The number on the right side of the flow cytometric dot blot
indicates the percentage of the CD14~ CD31°"¢" population.

a 1-week period. As shown in Fig. 48, however, the increment in
the ratio of the CD31""#"" cell population was ubserved only in
the presence of TPO. The absolute number of CD31"" cells,
calculated by the total cell number and the ratio of the
CD31"" cell population, was markedly increased by TPO
(Fig. 4C). In contrast, SCF induced the increase in total cell
number to the same level as TPO (Fig. 44), but it did not induce
the increase in either the ratio of the CD31"™ cell population
(Fig. 4B) or the number of CD31°8" cells (Fig. 4C). Next, we
examined whether TPO and VEGF can synergistically atfect the
induction of CD31"" cells during a 1-week cultivation. As
shown in Fig. 4D, although VEGF had no effects on the total cell
number (Fig. 4D, panel a), it increased the ratio of the C131PE
cell population to 1.4-fold higher than that of the control (Fig. 4D,
panel b), resulting in a slight increase in the number of
CD31"™# cells (Fig. 4D, panel c). Thrombopoietin alone
induced an increase in not only the total cell number (Fig. 4D,
panel a) but also the ratio of the CD31°"8" cell population (Fig,
4D, panel b), resulting in an ~24-fold increment of the absolute
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FIGURE 5. Dose-dependent effects of TPO on the induction of CD31°r9"
cells from AC133™ cells. AC1337 cells were treated with various concentra-
tions of TPO for 1 week. The left panels (A) are the total cell number of cultured
AC133" cells from peripheral blood (upper panel) and cord blood (lower
panel). The right panels (B) are the calculated CD31""%"™ cell number from
peripheral blood (upper panel) and cord blood (lower panel). Columns and
bars represent the means = S.D. (**, p < 0.01; *** p < 0.001). Striped and
dotted columps represent CD31°"9"VEcad ™ cells and CD31™9"VEcad ™ cells,
respectively

number of CD31P"#" cells when compared with the control
(Fig. 4D, panel ¢). The concomitant treatment with both VEGF
and TPO showed a synergic increase in the number of
CD31Priet colls (Fig. 4D, panel c).

When AC133" cells were cultured with various concentra
tions of TPO in the presence of constant concentrations of
VEGF (50 ng/ml), the total cell number from both peripheral
blood (Fig. 54, upper panel) and cord blood (Fig. 54, lower
panel) significantly increased at 5 ng/ml of TPO when com-
pared with the control, and there was no significant difference
in the total cell number from 5 to 50 ng/ml of TPO. However,
TPO increased the ratio of CD31""H cells of flow cytometry
dose-dependently as follows: control, 0.50%; 5 ng/ml, 1.36%; 10
ng, 1.42%; 50 ng/ml 1.90% in peripheral blood and control,
1.16%; 5 ng/ml, 1.99%; 10 ng, 2.51%; 50 ng/ml 2.96% in cord
blood. TPO markedly induced the differentiation of AC133'
cells into CD31""#""VEcad * cells in the case of both peripheral
blood (Fig. 58, upper panel) and cord blood (Fig. 58, lower
panel) in a dose-dependent manner. In the case of cord blood
cells, differentiation into CD31""#"VEcad
induced by TPO.

The effects of TPO on total cell number during 6-day culture
of AC133" cells were determined. Although the total cell num-

cells was also

cells numbers were calculated by both the total cell number and the ratio the
of CD31°"9" population. D, the effects of TPO alone on EPC differentiation
derived from AC133" cells of cord blood. The upper left panel (a) shows the
total cell number after a 1-week culture, the right panels (b) show the flow
cytometric histogram of AC133" -derived cells stained with FITC-labeled anti-
CD31 antibody, and the lower left panel (c) shows the calculated CD31°"¢™ cell
number. Columns and bars represent the means = S.D. (*, p < 0.05;*, p <
0.01; ", p < 0.001). NS, not significant; Cont, control,
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FIGURE 6. Time-course analysis of TPO-treated AC133* cells and expres-
sion of TPO receptor (CD110). A, alteration of cell number was counted at 2,
3, and 6 days. Solid and dotted lines indicate TPO-treated cells and control
((Cant) VEGF alone) cells, respectively. The results represent mean * S.E. of
triplicate wells. B, flow cytometric analysis of CD110 expression on AC133"
cells cultured for 3 days was carried out. The y axis represents the log fluores-
cence intensity of CD110-allophycocyanin (APC), and the x axis represents
that of CO31-FITC (left panels) and AC133-PE (right panels). The number in the
flow cytometric dot blot indicates the percentage of CD110* CD31* and
CD110" AC133™ populations, respectively. The upper panels are peripheral
blood, and the lower panels are cord blood.

ber from AC133™ cells slightly and constantly increased from
day 0 to day 6 in the absence of '1PO, total cells markedly
increased after the third day in the presence of TPO (Fig. 6A4).
Next, the alternation of TPO receptor (CD110) expression was
analyzed during the cultivation of AC133" cells. Although
the percentages of both AC133' CD110" cells and CD31°
CDI107 cells were 0% just after magnetic cell sorting, 3 days
after the cultivation, ~2% of CD31" CD110™ cells (Fig. 65, left
panel) and 1% of AC133" CD110" cells (Fig. 6B, right panel)
appeared from AC133"' cells in the peripheral blood and cord
blood, respectively. These data indicate the possibility that
sorted AC133" cells may differentiate into AC133' CD110*
cells and may subsequently proliferate and differentiate into
EPCs in response to TPO.

It has been reported that TPO activates the PI3K/Akt path-
way (28) or JAK/STAT pathway (20, 29, 30) in target cells. In
addition, in the present study, TPO induced a marked prolifer-
ation of AC133 " cells after 3-day culture, and CD110 expres-
sion in cells cultured for 3 days from both cord blood and
peripheral blood was also observed (Fig. 6, A and B). We then
attempted to determine whether 1'PO activates Akt or STA'l'in
AC133™ cells cultured for 3 days by analyzing the phosphoryl-
ation at Ser-473 of Akt or the phosphorylation at Tyr-705 of
STATS3, which are the active forms of Akt or STA'L'3, respec-
tively. As shown in Fig. 7A, phosphorylation at Ser-473 of Akt
was stimulated by both VEGF and TPO at 15 min and was more
markedly stimulated by concomitant treatment with VEGF and
TPO than by a single treatment (Fig. 74, top panel). Phospho-
rylation at T'yr-705 of STA'1'3 was observed only in the presence
of TPO, and unlike in the phosphorylation at Ser-473 of Akt, an
increased amount of phosphorylation was not observed in the
concomitant presence of VEGF and 1'PO (Fig, 74, third panel).
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FIGURE 7. Analysis of TPO-induced signal transduction on AC133 " cells of
cord blood. A, activation of Akt or STAT3 was analyzed by Western blotting
with anti-phospho-specific Ser-473-Akt antibody (top panel) and reprobed
with anti-Akt antibody (second panel), or with anti-phospho-specific Tyr-705-
STAT3 antibody (third panel) and reprobed with anti-STAT3 antibody (lower
panel) after stimulation by VEGF, TPO, or both VEGF and TPO for 15 min using
3-day-cultured AC133* cells. C, control; V, VEGF; T, TPO. B, the effects of wort-
mannin on CD31°""™ cell induction were investigated. The right panel shows
peripheral blood, and the /eft panel shows cord blood. The y axis represents
the CD31579" cell number. Wort, 100 nm wortmannin. Columns and bars rep-
resent the means * S.E. (* p < 0.05; ***, p < 0.001). Cont, control.

On the other hand, there was no difference in the expression of
Aktand STA'L'3 protein levels (Fig. 7A, second panel and bottom
panel, respectively). The induction of CD31""#™ cells was not
perfectly but significantly inhibited by wortmannin, an inhibi-
tor of PI3K, suggesting that the PI3K/Akt pathway plays an
important role in TPO-induced EPC differentiation (Fig. 78).

DISCUSSION

We have previously reported that CD31"¢" cells derived
from AC133" cells in human peripheral blood are EPCs (25). In
the present study, CD31°"#" cells also appeared from AC133*
cells prepared from cord blood, which are a rich source of stem
cells during the carly period of cultivation (Fig. 1, A and B).
When cells were separated in terms of CD31 expression (Fig.
1C), CD31°"#" cells differentiated into KDR-positive and
eNOS-positive adherent cells. These data indicate that
CD31°78" cells derived from AC133" cells in cord blood have
some characteristics similar to those of EPCs in peripheral
blood. Although these EPCs in both cord blood and peripheral
blood could not form tube-like structure by themselves on
Matrigel (data not shown), they secreted angiogenic growth
factors (Fig. 2) such as VEGF, IL-8 (31, 32), and monocyte che-
moattractant protein-1 (MCP-1) (33). It has been reported that
there are at least two types of EPCs: carly EPCs and late EPCs.
Early EPCs are unable to form tube-like structures and secrete
VEGF and IL-8 showing peak growth at 2-3 weeks (9, 26, 27).
Late EPCs with the ability to proliferate and having a cobble-
stone shape appear late at 2—3 weeks, show exponential growth
at 4 - 8 weeks, and have the ability to form tube-like structures
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(26, 27, 34). Rehman et al. (9) have reported that EPCs derived
{from monocytes/macrophages do not proliferate but instead
release potent proangiogenic growth factors. In many studies
(9, 26, 27, 35-37), because the origin of early EPCs was CD14"
cells or was not precluded by monocytic cells, CD14 expression
was still observed in the EPCs after cultivation. In our study, in
which AC133" cells were used as the origin of the EPCs, CD14
expression was not observed in CD31°#" cells induced by
‘I'PO (Fig. 3B). Although the CD31™'#" cells identified as EPCs
in this report and in a previous report did not correspond to
their cells in terms of the origin of the cells or cell surface mark-
ers, these cells may be carly EPCs that can release potent proan-
giogenic growth factors (Fig. 2). In any event, EPCs are thought
to be a heterogeneous population, unlike late EPCs, which have
a high ability to proliferate.

Circulating EPCs are up-regulated under physiological or
pathological conditions and also by 3-hydroxy-3-methyl-glu-
taryl-CoA reductase inhibitors (14, 15) and cytokines such as
erythropoietin (11-13) and G-CSF (10). In this report, we have
revealed the possibility of marked expansion of EPCs in vitro by
TPO. Brizzi et al. (20) have reported that TPO directly stimu-
lates endothelial cell motility and neoangiogenesis. In the pres-
ent study, 'TPO may have played a stimulatory role in the dif-
ferentiation of EPCs [rom circulating stem cells.

Although both TPO and SCF have the same potency with
regard to proliferation of AC133 " cells (Fig. 44), TPO specifi-
cally induces an increase in the ratio of the CD31""#" cell pop-
ulation when compared with SCF (Fig. 4, B and C). T'o develop
useful cell therapy products for severe ischemia, it has been

considered desirable to establish the efficient expansion of

EPCs in vitro, I'hrombopoictin could increase CD31" M cells
(EPCs) even in the absence of VEGF. Kirito et al. (38) have
reported that 'I'PO enhances expression of VEGF in hemato-
poietic cells through induction of hypoxia-inducible [actor le.
These observations suggest the possibility that the production
of EPCs by TPO may be supported by VEGF produced by
AC133" cells. However, from the perspective that TPO and
VEGF have synergistic effects on the induction of EPCs, TPO
seems Lo induce EPCs through another signaling cascade.

Thrombopoietin is a major regulator of the proliferation, dif-
ferentiation, and maturation of megakaryocytes (39, 40). The
results from recent studies suggest that TPO can act not only as
a lineage-specific hematopoietic growth factor but also can
affect other hematopoietic cell types. For example, 1O alone
does not induce proliferation of long term repopulating hema-
topoietic stem cells. However, in combination with SCF or IL-3,
1PO has several synergistic effects on cell proliferation (19).
Our results have revealed a new role of TPO in the production
of EPCs.

In the process of differentiation of AC133 " cells into CD31°7#"
cells, both peripheral blood and cord blood appear to be very sim-
ilar. AC133™ cells of cord blood, however, have a stronger ability to
proliferate than those of peripheral blood (Fig. 6A4). Moreover,
TPO stimulates the induction of CD31°"#™"VEcad™ cells only
from cord blood (Fig. 5B) at high concentrations. Hur et al. (26)
have reported that VEcad™ EPCs are thought to be an early EPC. It
is therefore thought that AC133" cells of cord blood are more
immature than those of peripheral blood.
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Although the total cell number treated with TPO slightly
increased in a dose-dependent manner (Fig, 54), the CD31""&"!
cell number markedly increased as the 1PO concentration
increased (Fig. 58). These dala suggest the possibility that a
higher concentration of TPO may be needed for CD31°7#" cell
induction from AC133 " cells.

When AC133" cells were stimulated by TPO or VEGF, an
increase in the phosphorylation of Akt at Ser-473 was observed.
‘T'his increase was strongly enhanced by concomitant treatment
with VEGF and TPO (Fig. 74). The induction of CD31""#" cells
by these growth factors (Fig. 4D) was consistent with the
increase in the phosphorylation of Akt at Ser-473. TPO but not
VEGF could also stimulate the phosphorylation of STAT3 at
T'yr-705. We previously reported that the PISK/p70 S6 kinase
pathway and the JAK/STAT3 pathway were important for pro-
liferation and differentiation, respectively, in neutrophilic dif-
ferentiation (41,42). Owing to the stimulation of both the P13K/
Aktand the JAK/STAT pathways, we postulated that TPO may
be a stronger stimulator of EPC production than VEGF. As
shown in Fig. 78, however, wortmannin could not completely
inhibit the induction of CD31"" cells. Therefore, a pathway
other than the PISK/Akt pathway may also work for the prolif-
eration and differentiation of EPCs.

The observation of unfavorable angiogenesis has recently
been reported after transplantation of bone marrow mononu-
clear cells in patients with thromboangiitis obliterans (43).
Moreover, transfer of both spleen cell-derived EPCs and bone
marrow mononuclear cells accelerate atherosclerosis in apok
knockout mice, whereas EPC transfer reduces markers associ-
ated with plaque stability (44). These observations suggest that
transplantation of differentiated cells from EPCs may be useful
therapy as regenerative medicine.

In conclusion, we have demonstrated a new role of TPO in
enhancing the differentiation of AC1337 cells into CD31°
cells (EPCs) in vitro. These findings may contribute to further
development of cell therapy for critical ischemia.
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Ga,,,,5-mediated Up-regulation of TRPC6 Negatively
Regulates Endothelin-1-induced Cardiac Myofibroblast
Formation and Collagen Synthesis through Nuclear Factor
of Activated T Cells Activation™
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Sustained elevation of [Ca®*]; has been implicated in many
cellular events. We previously reported that & subunits of G,,
family G proteins (Ga,,,,5) participate in sustained Ca** influx
required for the activation of nuclear factor of activated T cells
(NFAT), a Ca®>*-responsive transcriptional factor, in rat neona-
tal cardiac fibroblasts. Here, we demonstrate that Ga,,,,;-me-
diated up-regulation of canonical transient receptor potential 6
(TRPC6) channels participates in sustained Ca** influx and
NFAT activation by endothelin (ET)-1 treatment. Expression of
constitutively active Ga,, or Ga,, increased the expression of
TRPC6 proteins and basal Ca®* influx activity. The treatment
with ET-1 increased TRPC6 protein levels through Ga,y,3,
reactive oxygen species, and c-Jun N-terminal kinase (JNK)-de-
pendent pathways. NFAT is activated by sustained increase in
[Ca®*), through up-regulated TRPC6. A Ga,,,,;-inhibitory
polypeptide derived from the regulator of the G-protein signal-
ing domain of pl15-Rho guanine nucleotide exchange factor
and a JNK inhibitor, SP600125, suppressed the ET-1-induced
increase in expression of marker proteins of myofibroblast for-
mation through a Ga,,,,;-reactive oxygen species-JNK path-
way. The ET-1-induced myofibroblast formation was sup-
pressed by overexpression of TRPC6 and CA NFAT, whereas it
was enhanced by TRPC6 small interfering RNAs and cyclospo-
rine A. These results suggest two opposite roles of Ga,,,,5 in
cardiac fibroblasts, First, Ga,,,,; mediate ET-1-induced myofi-
broblast formation. Second, Ga,,,,, mediate TRPC6 up-regula-
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tion and NFAT activation that negatively regulates ET-1-in-
duced myofibroblast formation. Furthermore, TRPC6 mediates
hypertrophic responses in cardiac myocytes but suppresses
fibrotic responses in cardiac fibroblasts. Thus, TRPC6 mediates
opposite responses in cardiac myocytes and fibroblasts.

Structural remodeling of the heart is a key determinant of
clinical outcome in heart disease (1-3). Such remodeling
involves the overproduction of ECM? proteins, predomi-
nantly collagen types 1 and 1lI, into the interstitial and
perivascular space. Excessive collagen deposition increases
myocardial stiffness and leads to diastolic dysfunction (2—4).
Cardiac fibroblasts, constituting 60 -70% of total cell num-
bers in the heart, are responsible for collagen deposition and
create the scaffold for cardiac myocytes. Transformation of
cardiac fibroblasts to myofibroblasts, characterized by the
expression of a-SMA, has been implicated in diseases with
increased ECM deposition and resultant cardiac fibrosis
(4-6). Myofibroblast formation is controlled by various pro-
fibrotic stimuli, such as growth factors, cytokines, and
mechanical stretch (5—-8). Although several hormones, such
as Ang Il and ET-1, that stimulate G protein-coupled recep-
tors also induce myofibroblast formation (9, 10), the molec-
ular mechanism is not fully understood.

Sustained elevation of [Ca®"], induced by increased Ca””
influx, is important for the regulation of diverse cellular processes,
such as gene expression, cell proliferation, and differentiation.

?The abbreviations used are: ECM, extracellular matrix; Ang, angiotensin; CA,
constitutively active; CysA, cyclosporine A; DAG, diacylglycerol; DN, domi-
nant negative; DPI, diphenyleneiodonium; EGFR, epidermal growth factor
receptor; ET-1, endothelin-1; GFP, green fluorescent protein; JNK, c-Jun
NH,-terminal kinase; NFAT, nuclear factor of activated T cells; p115-RGS5,
RGS domain of p115Rho guanine nucleotide exchange factor; PLC, phos-
pholipase C; RACC, receptor-activated Ca?* channel; RGS, regulator of
G-protein signaling; ROS, reactive oxygen species; RT, reverse transcrip-
tion; siRNA, small interfering RNA; a-5MA, a-smooth muscle actin; SOCs,
store-operated Ca®* channels; TRPC, canonical transient receptor poten-
tial; WT, wild type; ERK, extracellular signal-requlated kinase; PP2, 4-amino-

5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine; OAG, a DAG
derivative, 1-oleoyl-2-acyl-sn-glyceral.
JOURNAL OF BIOLOGICAL CHEMISTRY 23117



Inhibition of Myofibroblast Formation by TRPC6-NFAT Signaling

In the heart, a Ca®>*-responsive serine/threonine phosphatase
calcineurin is activated by sustained [Ca®" ], increase, and cal-
cineurin activation has been implicated in hypertrophic growth
of cardiomyocytes (11, 12). Activated calcineurin dephospho-
rylates the transcriptional factor NFAT, facilitating transloca-
tion of NFAT from cytosol to the nucleus, where it acts syner-
gistically with other partners to mediate the expression of
prohypertrophic genes. However, the physiological and patho-
logical roles of calcineurin-NFAT signaling in cardiac fibro-
blasts are still controversial when the roles of the signaling
pathway are analyzed by CysA, a calcineurin inhibitor. It has
been reported that treatment with CysA inhibits pressure over-
load-induced cardiac hypertrophy and fibrosis (13) and
enhances cardiac dysfunction during postinfarction failure
(14). Other reports have demonstrated that myocardial fibrosis
is promoted in transplanted hearts (15) or chronically aortic
banded hearts (16) treated with CysA. Cardiac fibrosis in vivo
often follows the development of cardiac hypertrophy. To
understand fibrotic pathways, it is essential to examine mech-
anisms of cardiac fibrosis and hypertrophy individually.
Although the role of NFAT in cardiac hypertrophy is estab-
lished, the role of NFAT in cardiac fibrosis is still unknown.

We previously reported that Ga,,,,; mediate Ang II-induced
NFAT activation in cardiac fibroblasts (17). We also demon-
strated that activation of Ga, ; increases basal Ca® * influx activ-
ity, which is completely suppressed by SK&F96365, an inhibitor
of RACCs (18). Members of the TRPC family channels are
thought to be molecular candidates for RACCs (19). Recent
reports have implicated the involvement of TRPC up-regula-
tion in diseases with abnormal Ca?* handling and resultant
heart failure (20, 21). We recently reported that TRPC3 and
TRPC6 are involved in Ang II-induced hypertrophic responses
of rat neonatal cardiomyocytes (12). However, it is still
unknown whether TRPC channels participate in Ga,,,,3-me-
diated NFAT activation and agonist-induced myofibroblast
formation in cardiac fibroblasts.

In this study, we investigate how the expression of TRPC
channels is regulated and whether TRPC channels are involved
in the Ga, ,,,5-mediated increase in basal Ca?* influx required
for NFAT activation. We also examine the roles of TRPC
channels and NFAT in transformation of cardiac fibroblasts
to myofibroblasts.

EXPERIMENTAL PROCEDURES

Materials and Plasmid Construction—]NK inhibitor II
(SP600125), cyclosporine A, and PP2 were purchased from Cal-
biochem. Ang II, ET-1, DPI, U73122, Igepal CA-630, BQ123,
BQ788, and anti-a-SMA antibody (clone 1A4) were purchased
from Sigma. Fura-2/AM was from Dojindo (Kumamoto,
Japan). Collagenase and Fugene 6 were from Roche Applied
Science. Dual luciferase reagents was from Promega. pNFAT-
Luc and pRL-SV40 vectors were from Stratagene. Anti-TRPC3
and anti-TRPC6 antibodies were from Alomone Laboratories.
Anti-TRPC7 antibody was prepared by Y. Mori. Anti-phos-
pho-ERK, anti-ERK, anti-phospho-Src (Tyr*'®), and anti-Src
antibodies were from Cell Signaling. Anti-glyceraldehyde-3-
phosphate dehydrogenase, anti-]NK1, horseradish peroxidase-
conjugated anti-rabbit IgG, and anti-mouse IgG antibodies

23118 JOURNAL OF BIOLOGICAL CHEMISTRY

were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-Rac antibody was from Transduction Laboratories. CA
NFAT was first inserted into the pEGFP-C1 vector (Clontech)
and transferred into pShuttle-cytomegalovirus vector to pro-
duce recombinant adenovirus. A 913-bp fragment containing
the upstream region and the 5'-untranslated region of the rat
TRPC6 gene® was isolated by PCR using rat genomic DNA as a
template, and the fragment was inserted upstream of a lucifer-
ase gene in the pGL3-Basic vector using Kpnl/BgllI sites.

Cell Culture—Cardiac fibroblasts and myocytes were pre-
pared from ventricles of 1-2-day-old Sprague-Dawley rats (17,
22). Briefly, after digestion of ventricles with 0.1% collagenase,
isolated fibroblasts were plated on a noncoated dish in Dulbec-
co’s modified Eagle’s medium containing 10% fetal bovine
serum and 50 units/ml penicillin/streptomycin. Subconfluent
cells were serum-starved for 48 h and used for the experiments,
Considering the possibility that cardiac fibroblasts may lose the
original characteristics after prolonged culture, cells were used
within two passages in all experiments.

Production of Adenoviruses, Infection, and Transfection—Re-
combinant adenoviruses used in this study, including WT
TRPC6, DN TRPC6 (C6-3A and C6-AN), GFP-fused N-termi-
nal region of NFAT4 (GFP-NFAT4), and CA NFAT, were pro-
duced as described previously (12, 23-25). Cells were infected
with adenovirus(es) at a multiplicity of infection of 100 for 48 h.
Small interference RNAs (100 nm) were transfected with Lipo-
fectamine 2000 for 72 h.

Measurement of Intracellular Ca®* Measurement and NFAT
Activity—The intracellular Ca®>* concentration ([Ca®*],) of
cardiac fibroblasts was determined by a method described pre-
viously (17). Fluorescence images of GFP-positive cells were
recorded and analyzed with a video image analysis system
(Aquacosmos, Hamamatsu Photonics). Measurement of NFAT
activity was performed as described previously (17). For meas-
uring the translocation of GFP-NFAT4, cells (1.5 X 10°) plated
on glass bottom 35-mm dishes were infected for 48 h with ade-
novirus coding GFP-NFAT4 at a multiplicity of infection of 30.
After ET-1 stimulation (100 nm) for 48 h, the localization of
GFP-NFAT4 was determined with a laser-scanning confocal
imaging system (LSM510; Carl Zeiss).

Measurement of ROS Production—Measurement of intracel-
lular ROS concentration was performed in 2 mm Ca® " -contain-
ing Hepes-buffered saline solution (107 mm NaCl, 6 mm KCl,
11.5 mm glucose, 20 mm HEPES, pH 7.4, 1.2 mm MgSO,, 2 mm
CaCl,) with a fluorescent dye, 2',7'-dichlorofluorescein diac-
etate as described previously (17). Fluorescence images were
recorded and analyzed with a video image analysis system
(Aquacosmos, Hamamatsu Photonics). The peak changes (AF/
F,) of DCF fluorescence intensity were identified as values
obtained by subtracting the basal fluorescence intensity (F;)
from the maximal intensity during 5-min ET-1 treatment.

Expression Analysis of TRPC mRNAs—The RT-PCR protocol
used for the expression analysis and the PCR primers used in
this study were as described previously (26). Real time RT-PCR
for quantitative measurement was performed as described pre-

3 The sequence was obtained from Ref. 37 (GenBank™ accession number
NW_047798).
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