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Abstract

The transcription factor E2F coordinately activates several
cell cycle-regulatory genes. We attempted to inhibit the pro-
liferation of mesangial cells in vitro and in vivo by inhibiting
E2F activity using a 25-bp decoy oligodeoxynucleotide that
contained consensus E2F binding site sequence (E2F-decoy)
as a competitive inhibitor. The decoy’s effect on human
mesangial cell proliferation was evaluated by [*H]thymidine
incorporation. The E2F decoy inhibited proliferation in a
concentration-dependent manner, whereas a mismatch con-
trol oligodeoxynucleotide had little effect. Electrophoretic
mobility shift assays demonstrated that the decoy’s inhibi-
tory effect was due to the binding of the decoy oligodeoxy-
nucleotide to E2F. The effect of the E2F decoy was then
tested in a rat anti-Thy 1.1 glomerulonephritis model. The
E2F decoy oligodeoxynucleotide was introduced into the
left kidney 36 h after the induction of glomerulonephritis.
The administration of E2F decoy suppressed the prolifera-
tion of mesangial cells by 71%. Furthermore, treatment with
the E2F decoy inhibited the glomerular expression of prolif-
erating cell nuclear antigen at the protein level as well as the
mRNA level.

These findings indicate that decoy oligonucleotides can
suppress the activity of the transcription factor E2F, and
may thus have a potential in treating glomerulonephritis. (J.
Clin. Invest. 1998. 101:2589-2597.) Key words: kidney - tran-
scription factor « glomerulonephritis « cationic liposomes o
transfection

Introduction

The proliferation of glomerular mesangial cells (MCs)! as well
as the expansion of the glomerular matrix is a central feature
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of various human glomerular diseases (1-3). MC proliferation
characterizes many types of glomerulonephritis (GN), and is
central to the development of glomerulosclerosis and renal
failure (1, 3). Several growth factors and cytokines are in-
volved in this process. Accordingly, several studies have at-
tempted to suppress the proliferation of MCs by inhibiting spe-
cific mitogens (4). However, suppressing the activity of just
one mitogen is not sufficient to inhibit MC proliferation.

E2F is a transcription factor that activates numerous genes
that encode cell cycle regulatory proteins, including dihydro-
folate reductase, c-myc, DNA polymerase «, cdc2, and prolif-
erating cell nuclear antigen (PCNA; reference 5-10). In this
study, we attempted to inhibit E2F in vitro and in vivo, and
thereby to prevent the coordinated transactivation of cell cycle
regulatory genes involved in the progression of proliferative
GN. For this purpose, we designed a double-stranded decoy
oligodeoxynucleotide (ODN) that acts as a competitive inhibi-
tor of E2F binding. We examined the antiproliferative effect of
decoy-ODN against E2F on MC in vitro and in vivo.

Methods

Synthesis of decoy oligodeoxynucleotides. Double-stranded 25-bp ODNs
were synthesized using an automated DNA synthesizer (Model 380B;
Applied Biosystems, Inc., Foster City, CA). The ODNs were purified
by column chromatography, lyophilized, and dissolved in culture me-
dium. Concentrations of each ODN were determined spectrophoto-
metrically. The E2F decoy ODN contains the consensus sequence of
the E2F binding site identified in the promoter regions of several cel-
lular genes (5-10). A mismatch control ODN also was synthesized
(the 2-bp mismatch is underlined). The sequences of the oligomers
used are as follows:

25-mer E2F decoy ODN 5'-ATTTAAGTTTCGCGCCCTTTCTCAA-3’
3'-TAAATTCAAAGCGCGGGAAAGAGTT-5'
5’-ATTTAAGTTTCGATCCCTTTCTCAA-3’
3'-TAAATTCAAAGCTAGGGAAAGAGTT-5'

25-mer mismatch
Control ODN

Mesangial cell preparation and culture. Human MCs were ob-
tained and identified as described previously (11, 12). In brief, por-
tions of human renal cortex that appeared normal on macroscopic in-
spection were obtained immediately after surgical nephrectomy for
renal cell carcinoma. Glomeruli were isolated by differential sieving.
The final preparation consisted of glomeruli without tubular frag-
ments. Isolated glomeruli were cultured in RPMI 1640 medium
(GIBCO BRL, Gaithersburg, MD) supplemented with 100 IU/ml
penicillin (Meiji, Tokyo, Japan), 100 pg/ml streptomycin sulfate
(Meiji) and 20% FCS (Armour, Kankakee, IL) at 37°C in a humidi-
fied 5% CO, atmosphere. Outgrowing cells were transferred for sub-
culture. Cells were used between the fourth and seventh passage. The
identity of the cells was confirmed by standard criteria (13, 14).

Analysis of the effects of decoy ODN on MC proliferation. MCs
were seeded (day 0) at 5,000 cells per well in 96-well plates (Costar
Corp., Cambridge, MA) and cultured in RPMI 1640 medium supple-
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mented with 20% FCS (growth medium) for 36 h. The medium then
was replaced with RPMI 1640 containing 0.2% FCS and incubated
for another 60 h to synchronize the MCs into quiescence. On day 4,
the medium was replaced with growth medium containing 20% FCS
and E2F decoy or mismatch control ODN in triplicate wells. Com-
mercially available cationic liposomes (Lipofectin Reagent; GIBCO
BRL), were used to facilitate the transfection of ODNs into the MCs
as described previously (15). Briefly, ODN dissolved in RPMI 1640
were mixed with Lipofectin, which were also dissolved in RPMI 1640
at a ratio of 1 nmol:1g, and incubated for 20 min at room tempera-
ture. The ODN-liposome complexes were added dropwise to each
well (triplicate). The MCs were pulse labeled with [*H]thymidine 18 h
after ODN addition, and [*H]thymidine incorporation was measured.
In another series of experiments, the MCs were trypsinized 24 h after
adding ODN (day 7) and stained with trypan blue to count viable
cells.

To examine the transfection efficiency, ODNs (E2F-decoy)
FITC-labeled at their 3’ and 5’ ends were transfected under the same
conditions. Human MCs were cultured on 16-well chamber slides
(Nunc, Inc., Naperville, IL) and FITC-labeled ODN (2 wM) were in-
troduced as described above for the unlabeled ODNs. The cells then
were evaluated by an Olympus fluorescence microscope (Olympus,
Tokyo, Japan).

In vivo transfer of ODNs. 5-wk-old male Wistar rats that weighed
~ 150 g at the start of the experiments were obtained from Charles
River Japan, Inc. (Atsugi, Kanagawa, Japan). The animals had free
access to standard rat chow and water throughout the experimental
period. Rat mesangial proliferative GN (anti-Thy 1.1 GN) was in-
duced by the intravenous injection of the affinity-purified mono-
clonal antibody OX-7 (reference 16; 0.2 mg/100 g body weight). The
antibody was a generous gift from Dr. Y. Watanabe (University of
Nagoya, Nagoya, Japan). 36 h after the injection of the anti-Thy 1.1
antibody, the rats were anesthetized and the left renal artery and vein
were transiently ligated. Multilamellar vesicle (MLV)-liposomes con-
taining dioleoylphosphatidylethanolamine, dilauroylphosphatidyl-
choline, and N-(a-trimethylammonioacetyl)-didodecyl-D-glutamate
chloride at a molar ratio of 1:2:2, were prepared as described previ-
ously (17). E2F decoy or mismatch control ODN (200 g per ani-
mal) was preincubated with the MLV-liposomes for at least 20 min
before it was injected via the left renal artery after flushing with 1 ml
normal saline. The ratio of MLV-liposomes to ODN, which had
been determined in a preliminary study using cultured MC (data not
shown), was 1 pmol:40 wg. Another group of anti-Thy 1.1 GN-
induced rats was injected with MLV-liposomes alone (vehicle). 5
min after the intra-arterial injection, the blood flow was restored by
removing the temporal ligatures. On the seventh day after the injec-
tion of anti-Thy 1.1 antibody, the rats were killed and the kidneys
were resected.

To determine the transfection efficiency, FITC-labeled E2F de-
coy ODN (200 g per animal) was transfected to normal Wistar rats
as described above for the unlabeled ODNs. The incorporation of
FITC-labeled ODN was evaluated by fluorescence microscopy.

Histologic examination. Kidney tissue from each animal was pro-
cessed for evaluation by light and fluorescence microscopy and im-
munohistochemistry as described previously (18, 19). For light mi-
croscopy, the tissues were fixed in 10% buffered formalin and
embedded in paraffin. Sections (3 pm) were stained with periodic
acid-Schiff. For fluorescence microscopy, the tissues were frozen in
liquid nitrogen, and sections 4 pm thick were used. To determine the
glomerular cellularity, all sections were coded and read by an ob-
server who was unaware of the study design. Glomerular cellularity
was evaluated by counting the total number of nuclei in 30 represen-
tative glomerular cross sections that contained > 20 discrete capillary
segments per cross section.

Immunohistochemical staining for PCNA. Tissue was processed
by an indirect immunoperoxidase technique as described previously
with minor modifications (20). The primary antibody was monoclonal
mouse anti-PCNA IgG (DAKO A/S, Glostrup, Denmark). The for-

2590 Maeshima et al.

malin-fixed, paraffin-embedded sections were deparaffinized and
washed briefly in distilled water. The sections then were boiled in
20% ZnSO, (7H,0) for 10 min, washed briefly in distilled water, and
blocked with 0.3% hydrogen peroxide. The samples then were incu-
bated with primary antibody and subsequently processed using strep-
toavidin-biotin immunoperoxidase with 3, 3’-diaminobenzidine as the
chromogen. The sections also were counterstained with hematoxylin.
30 glomeruli in each specimen were examined and the mean number
of PCNA positive cells per glomerulus was calculated. Negative con-
trols were performed by substituting the primary antibody with an ir-
relevant murine monoclonal antibody.

Preparation of nuclear extract from MC. A nuclear extract was
prepared from cultured human MCs 1 h after serum stimulation. The
cells were scraped from 24-well plates (Costar Corp.) and washed
twice in 1 ml ice-cold TBS buffer, pH 7.4, containing 25 mM Tris-
HCI, 130 mM NaCl, and 5 mM KCI. After centrifugation at 7,000 rpm
for 30 s at 4°C, the pellet was lysed in 800 wl ice-cold homogenization
buffer containing 10 mM Hepes, pH 7.9; 10 mM KCI; 0.1 mM EDTA,
pH 7.5;0.1 mM EGTA, pH 7.5; 1 mM DTT; and 1 mM PMSF and in-
cubated for 15 min at 4°C. Then 60 pl 10% Nonidet P-40 was added,
and the extract was centrifuged at 15,000 rpm for 5 min at 4°C. The
nuclei were then extracted with 100 wl homogenization buffer con-
taining 20 mM Hepes, pH 7.9; 400 mM NaCl; 1 mM EDTA, pH 7.5;
1 mM EGTA, pH 7.5; 1 mM DTT; and 1 mM PMSF, and incubated
for 15 min at 4°C. After pelleting the extracted nuclei at 15,000 rpm
for 5 min at 4°C, the supernatant fraction was stored in aliquots at
—80°C. Protein concentrations were determined using the Bio-Rad
protein determination system (Bio-Rad, Hercules, CA; reference 21)
and BSA as a standard.

Electrophoretic mobility-shift assay. Nuclear extract was prepared
from cultured MCs as described above. E2F decoy ODN was labeled
with [y-3?P]ATP using T4 Poly-nucleotide Kinase (Promega Corp.,
Madison, WI). Binding reactions were performed with 10 g of
nuclear extract in a binding buffer containing 20 mM Hepes, pH 7.9,
10 mM MgCl,, 0.1 mM EGTA, 0.1% Nonidet P-40, 10% glycerol, 0.5
mM DTT, and 3 pg of sonicated salmon sperm DNA to which 10 ng of
32P-labeled probe was added in a final volume of 30 pl. Reaction mix-
tures were incubated for 30 min at room temperature and loaded onto
a 4% nondenaturing polyacrylamide gel and were electrophoresed. Af-
ter electrophoresis, the gels were dried and DNA/nuclear protein
complexes were detected by autoradiography. For competition ex-
periments, 200-fold excess unlabeled ODN was incubated with the re-
action mixture for 20 min before the addition of radiolabeled ODN.

Reverse transcription-PCR. Total cellular RNA was extracted
from cultured human MCs 24 h after serum stimulation and from iso-
lated glomeruli of Wistar rats (normal, untreated diseased, E2F de-
coy ODN- or mismatch control ODN-treated diseased rats; n = 4 for
each group) by the method of Chomczynski and Sacchi (22). The
amount of total RNA was quantified spectrophotometrically and
standarized according to the intensity of 18S and 28S rRNA expres-
sion. Aliquots of total RNA were reverse transcribed with random
primers and M-MLYV Reverse transcriptase (USB Biologicals, Cleve-
land, Ohio) to create cDNA, which was then amplified with Taq
Polymerase (Perkin-Elmer Corp., Norwalk, CT) and specific primers
for PCNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as described previously (15, 23). Each PCR cycle consisted of de-
naturation at 94°C for 1 min, annealing at 55°C (PCNA) or 60°C
(GAPDH) for 2 min, and extension at 72°C for 3 min. The samples
were amplified for 35 cycles in a thermal cycler (TP cycler-100; Toy-
obo, Tokyo, Japan). Aliquots of the PCR products were electro-
phoresed on a 1.2% agarose gel, stained with ethidium bromide, and
subjected to quantitative scanning densitometry. The sequences of
the primer pairs used and the accuracy of this method in quantitating
PCNA mRNA, have been described previously (15).

Statistical analysis. All values are expressed as mean=SD. ANOVA
with a one tailed Student’s ¢ test was used to identify significant dif-
ferences in multiple comparisons. A level of P < 0.05 was considered
statistically significant.



Results

Cultured MCs

Uptake and localization of FITC-labeled ODNs. We evaluated
the efficiency of ODN uptake into MCs using FITC-labeled
ODNs complexed with cationic liposomes. After incubation
with the labeled ODNSs for 20 min, > 60% of the MCs exhib-
ited weak fluorescence in the cytoplasm and nucleus. After a
24-h incubation period, intense staining was observed in the
cytoplasm and nuclei of > 90% of cells (Fig. 1). The nuclei
consistently stained more intensely than the cytoplasm.

Effects of E2F-decoy ODN on MC proliferation. The effect
of E2F decoy ODN was assessed by [*H|thymidine incorpora-
tion and direct cell count. Incubation of MCs with E2F decoy
significantly decreased [*H]thymidine incorporation in a dose-
dependent manner compared with cells incubated with the
mismatch control ODN (Fig. 2). Thus, 20% FCS induced MC
proliferation was suppressed by 78.5 and 83.4% after incuba-
tion with 2 and 10 uM of E2F decoy ODN, respectively. The
antiproliferative effect of the E2F decoy ODN was confirmed
further by the results of direct cell count analysis. Again, the
E2F decoy ODN inhibited MC proliferation significantly com-
pared with the mismatch control ODN. The mean number of
growth-stimulated MC was 14031.3+1855.1 in the absence of
ODN per well, and 11300.0+572.8 per well after the addition
of mismatch control ODN. Addition of the E2F decoy ODN
significantly reduced the cell number to 6250.4+696.0 per well
(P < 0.05). The amount of [°’H]thymidine incorporation and cell
number after E2F-decoy treatment were greater in growth-
stimulated MC than quiescent MC grown in 0.5% FCS, indi-
cating that the ODN treatment was not toxic to the cells but
only exerted a specific antiproliferative effect.

Electrophoretic mobility shift assay for E2F binding in
vitro. To provide evidence that the E2F decoy ODN pre-
vented the binding of E2F to its target sites, we performed an
electrophoretic mobility-shift assay (EMSA) in the presence of
the E2F decoy ODN or the mismatch control ODN. These
analyses demonstrated that serum stimulation resulted in in-
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Figure 2. Effect of E2F decoy ODNs on MC proliferation as assessed
by [*H]-thymidine incorporation. The E2F-decoy ODN inhibited
FCS (20%) induced MC proliferation (incorporation of [*H]-thymi-
dine) in a concentration-dependent manner. The difference between
the mean value of [°’H]-thymidine incorporation in the E2F decoy-
treated (black circles) and control mismatch ODN-treated (white
squares) MC was significant (P < 0.05). Each point represents the
mean*SD of four experiments. *P < 0.05 by one tailed Student’s ¢
test.

creased E2F binding activity in the MC nuclear extract. This
increased E2F binding was abolished by treatment with E2F
decoy ODN (2 uM) whereas the addition of the mismatch con-
trol ODN did not inhibit E2F binding (Fig. 3). The data also
show complete disappearance of the protein—-DNA complex in
the presence of the specific competitor, indicating that this
DNA-protein interaction is highly specific.

Effects of E2F decoy ODN on PCNA mRNA expression of
MC. To confirm E2F decoy ODN specifically inhibited E2F
binding, we investigated the effect of E2F decoy ODN on
PCNA mRNA expression. Total RNA was extracted from
MCs treated with 2 uM of either E2F decoy ODN or mismatch
control ODN, and the level of PCNA mRNA was assessed by

Figure 1. Representative fluorescence
microscopy photograph of cultured
human MCs transfected with FITC-
labeled double-stranded ODN5s (X400).
MCs were observed 24 h after transfec-
tion of FITC-labeled ODNSs. Staining
was detectable in both the nuclei and
the cytoplasm.
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Figure 3. EMSA of the
E2F binding site in
vitro. Nuclear extract
was obtained from the
following groups: (a) se-
rum-starved cultured
MCs, lane 7; (b) serum-
stimulated MCs, lane 2;
(c) serum-stimulated
MCs transfected with
mismatch ODN (2 pM),
lane 3; and (d) serum-
stimulated MCs trans-
fected with E2F decoy
ODN (2 uM), lane 4.
Nuclear extract (10 pg)
was incubated with
[y*?P]ATP-labeled
ODN:s for 30 min at
room temperature. The
samples were electro-
phoresed on a 4% non-
denaturing polyacryl-
amide gel, and visualized by autoradiography. For competition
experiments, 200-fold excess unlabeled ODN (decoy ODN, lane 5;
mismatch ODN, lane 6) was incubated with the reaction mixture for
20 min before the addition of radiolabeled ODN. The position of the
E2F protein-DNA complex is indicated by an arrow.

1 23 45 6

reverse transcriptase (RT)-PCR. Cells treated with E2F decoy
ODN contained decreased PCNA mRNA levels compared
with cells treated with mismatch control ODN or untreated
cells (Fig. 4). The GAPDH mRNA levels, in contrast, did not
differ significantly between cells treated with E2F decoy ODN
or mismatch control ODN.

Rat anti-Thy 1.1 GN model

Uptake and localization of FITC-labeled ODNs. We evaluated
the efficiency of ODN uptake into glomerular cells using
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Figure 4. Effect of E2F decoy ODN transfection on MC expression
of PCNA and GAPDH mRNA expression. nRNAs were detected
by RT-PCR. C, serum-stimulated cultured MCs; M, serum-stimulated
MCs transfected with the mismatch ODN; E, serum-stimulated MCs
transfected with the E2F decoy ODN. Aliquots of the PCR products
were electrophoresed on a 1.2% agarose gel and visualized by ethid-
ium-bromide staining. The level of GAPDH mRNA in every sample
was assessed as a control. The arrows indicate the position of the am-
plified cDNA.

FITC-labeled ODNs that were complexed with MLV-lipo-
somes. 2 h after the intra-arterial injection of ODN the rats
were killed. More than 60% of the glomeruli were positively
stained with the fluorescence detectable mainly in the nuclei of
the glomerular cells (Fig. 5). Most of the stained cells seemed
to be MCs. Tubular and interstitial cells, in contrast, exhibited

Figure 5. Representative fluorescence
microscopy photograph of rat kidney
tissue containing FITC-labeled ODNs
(x200). E2F decoy ODNs complexed
with MLV-liposomes were introduced
into the normal rat kidney via the left
renal artery. 2 h after injection, the rats
were killed. About 60% of the glomer-
uli exhibited fluorescence, mostly in the
nuclei, in contrast to the surrounding
tubular cells which exhibited low levels
of fluorescence.



Figure 6. Effect of E2F-decoy treatment on glomerular cell prolifera-
tion and glomerular matrix expansion. Compared with rats with mes-
angial proliferative GN treated with mismatch control ODN (A), E2F
decoy-ODN treated rats with GN (B) had a significantly lower glo-
merular cellularity and exhibited less mesangial matrix expansion
(periodic acid-Schiff stain). X200.

hardly any fluorescence. The MLV-liposome administration
did not produce any apparent adverse effects on the animals.
Fatal thrombosis or lethal damage were not observed through-
out this experimental course.

Effect of E2F decoy ODN on glomerular cell proliferation.
We evaluated the effect of E2F-decoy treatment on the prolif-
eration of glomerular cells by microscopic analysis of kidney
tissue from the normal rats, the diseased but untreated rats,
and the rats treated with the decoy ODN or the mismatch con-
trol ODN. The total number of glomerular cells in untreated
anti-Thy 1.1 GN-induced rats was significantly increased com-
pared with undiseased control rats (Fig. 7). E2F decoy ODN
treatment suppressed glomerular cell proliferation by 71.3%
compared with untreated diseased rats (Figs. 6 and 7). Mis-
match control-ODN treatment, in contrast exhibited little anti-
proliferative effects (Figs. 6 and 7). The specificity of the inhib-
itory effect of the E2F decoy ODN was supported further by
the observation that vehicle-injected GN rats did not exhibit
any significant changes in histological appearance compared
with untreated GN rats. The total glomerular cell number of
right kidneys (uninjected) after decoy treatment did not de-
crease compared with that of the left kidneys (rt, 99.9+6.7
cells/glom; It, 59.2+5.8 cells/glom). Intra-arterial injection of
the mismatch control ODN also did not affect the number of

E2F-decoy Strategy for Inhibition of Mesangial Cell Proliferation

glomerular cells of the right kidneys (rt, 104.8%5.6 cells/glom;
It, 104.4x4.7 cells/glom).

Effects of E2F decoy ODN on PCNA mRNA and protein
expression in vivo. To confirm E2F decoy ODN specifically
inhibited E2F binding in vivo, we also analyzed the effect of
E2F decoy treatment on PCNA protein and mRNA expres-
sion, using immunohistochemical staining and RT-PCR. E2F
decoy treatment significantly inhibited PCNA protein expres-
sion in the glomeruli, whereas the mismatch control ODN had
almost no effect (Figs. 8 and 9). Furthermore, glomerular
PCNA mRNA levels were decreased in E2F decoy-treated
rats compared with mismatch control-treated animals (Fig.
10). No significant difference in GAPDH mRNA levels was
observed between the two groups of animals.

Discussion

The excessive proliferation of MCs is found in many types of
chronic GN. Some studies suggest that MC proliferation and
its activation are associated with the overexpression of extra-
cellular matrix components, leading to the development of
glomerulosclerosis (1-4, 24). MCs proliferate in response to a
variety of growth factors or cytokines, including PDGF, basic
fibroblast growth factor, IL-1, and IL-6 (25-30). These factors
are released from such inflammatory cells as macrophages as
well as by the platelets, and are also produced by MCs them-
selves. They exert their effects in an autocrine/paracrine man-
ner (25, 26, 31-33). Since the proliferation of MCs appears to
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Figure 7. Effect of E2F decoy ODN on glomerular cell proliferation
in rat anti-Thy 1.1 GN. NOR, normal rats (n = 4); THY1, anti-Thy
1.1-induced GN rats (n = 4); THYI + MIS, anti-Thy 1.1-induced
GN rats treated with mismatch control ODN (n = 4); THY1 + De-
coy, anti-Thy 1.1-induced GN rats treated with E2F decoy ODN

(n = 4). The difference in mean glomerular cell number between E2F
decoy-treated and mismatch control ODN-treated rats was signifi-
cant (P < 0.01). Data are expressed as mean+SD. *P < (.01 versus
THY1 and THY1 + MIS by one tailed Student’s ¢ test.
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Figure 8. Effect of E2F decoy ODN transfection on in vivo glomeru-
lar expression of PCNA protein as determined by immunohistochem-
ical staining for PCNA of representative glomeruli (X200). (4)
PCNA expression is elevated in glomerular cells obtained from mis-
match control ODN-treated rats with anti-Thy 1.1-induced GN. Most
positive cells in the glomerular tuft seemed to be located in the mes-
angium. (B) PCNA expression is decreased significantly in the glo-
meruli of E2F decoy ODN-treated GN rats.

be an important pathological event that precedes glomerular
sclerosis, several agents have been tested for their antiprolifer-
ative activity on the MCs. For example, since PDGF and TGF
are associated with MC proliferation and matrix expansion,
some therapeutic approaches have been attempted to inhibit
the activities of these growth factors. These studies found that
antibodies to PDGF-BB or TGF-B, suppressed MC prolifera-
tion and/or matrix expansion in an experimental model of mes-
angial proliferative nephritis (4, 34). However, interventions
targeting these mediators at the cell-surface level likely have
only limited efficacy because of the multitude of mitogens and
the redundancy of intracellular signal transduction pathways
involved in MC proliferation (35, 36). Accordingly, interfering
at a step in the final common pathway shared by diverse mito-
genic signals appears to be a more promising approach to the
inhibition of cellular proliferation.

E2F is a transcription factor that was originally identified
through its role in the transcriptional activation of the adenovi-
rus E2 promoter (37, 38). Subsequently, sequences homolo-
gous to the E2F-binding site were identified in the upstream
regions of several genes encoding proteins with putative func-
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tions in the G1 and the S phases of the cell cycle. These in-
cluded the genes for dihydrofolate reductase, DNA poly-
merase o, thymidine kinase, thymidilate synthase, c-Myc, c-Myb,
cyclin A, cdc2, retinoblastoma gene product and PCNA (8-10,
39, 40). During the GO and early G1 phase of the cell cycle,
E2F exists in a complex with unphosphorylated Rb protein or
the related protein p107. In this condition, E2F does not acti-
vate the transcription of its target genes. As the cells progress
into the S phase, Rb protein and p107 are phosphorylated in
cooperation with G1 cyclins (cyclins D and E), resulting in the
release of E2F from the complex. The free E2F protein is tran-
scriptionally active, and induces the coordinated transactiva-
tion of genes required for DNA synthesis, resulting in cell cy-
cle progression (39). The critical role of E2F in cell growth
control has been established by several previous studies show-
ing that overexpression of various E2F proteins can induce
otherwise quiescent cells to enter a cell cycle (41-43), and that
overexpression of dominant negative E2F mutants inhibits cell
cycle progression (44). Recently, a high affinity RNA ligand
that specifically interacts with and blocks the DNA binding of
the E2F proteins, was reported to inhibit cell proliferation
(45). This cell cycle regulatory role and the finding that E2F
was involved in the signaling pathways initiated by several mi-
togenic signals suggested that suppression of E2F activity
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Figure 9. Effect of E2F decoy ODN on PCNA expression in rat anti-
Thy 1.1-induced GN. The number of PCNA-positive cells per glomer-
ulus was determined by immunohistochemical staining for PCNA.
NOR, normal rats (n = 4); THY1, anti-Thy 1.1-induced GN rats

(n =4); THY1 + MIS, anti-Thy 1.1-induced GN rats treated with
mismatch control ODN (n = 4); THY1 + Decoy: anti-Thy 1.1-
induced GN rats treated with E2F decoy ODN (n = 4). The differ-
ence between mean glomerular PCNA* cell number of E2F-decoy—
treated and mismatch ODN-treated was significant (P < 0.05). Data
are expressed as mean=*SD. *P < 0.05 versus THY1, THY1 + MIS,
and THY1 + E2F; *P < 0.05 versus THY1 and THY1 + MIS, by one
tailed Student’s ¢ test.
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Figure 10. Effect of E2F decoy ODN transfection on in vivo glomer-
ular expression of PCNA and GAPDH mRNA. mRNAs were de-
tected by RT-PCR. N, normal rats; C, anti-Thy 1.1-induced GN rats;
M, anti-Thy 1.1-induced GN rats treated with mismatch ODN; E,
anti-Thy 1.1-induced GN rats treated with E2F decoy ODN. Ali-
quots of the PCR products were electrophoresed on a 1.2% agarose
gel, and visualized by ethidium-bromide staining. The level of
GAPDH mRNA in every sample was assessed as a control. The ar-
rowheads indicate the position of the amplified cDNA.

would effectively inhibit cell proliferation. In fact, a decoy
strategy targeting E2F recently was reported to be quite effec-
tive in inhibiting smooth muscle cell proliferation (46).

Transcription factor-decoy technology has been developed
to inhibit the expression of several genes using synthetic dou-
ble-stranded ODNSs containing the consensus binding se-
quence of a transcription factor. Several studies reported that
ODNs with a high affinity for their target transcription factor,
could be introduced into specific target cells and downregu-
lated the transactivation of several genes in vitro (47, 48). A re-
cent report also demonstrated the applicability of the decoy
strategy in an in vivo system (46). However, this approach
has not yet been employed to inhibit the cellular prolifera-
tion of renal cells and thus prevent the progression of prolifer-
ative GN.

In this study we evaluated the capacity of an E2F-decoy
ODN to inhibit MC proliferation, using a 25-bp ODN contain-
ing the consensus E2F binding sequence. In a previous study,
Bielinska et al. (48) had employed double-stranded phospho-
rothioate ODN containing the NF-xB consensus sequence to
inhibit transcription. We did not modify our ODNs, however,
because modified ODNs such as phosphorothioate derivatives,
are known to inhibit the protein synthesis of nontarget genes
in a nonspecific, sequence-independent manner (49).

The success of decoy therapy depends on the efficiency
with which the ODN is transfected into target cells. We have
employed cationic liposomes to enhance the efficiency of
ODN uptake into the MCs, based on results described previ-
ously (15). The validity of this approach was confirmed in vitro
using FITC-labeled ODN. The antiproliferative effect of the
E2F decoy ODN in vitro and its specificity were demonstrated
using three different approaches: (a) E2F-decoy ODN signifi-
cantly inhibited MC proliferation in a dose-dependent man-

E2F-decoy Strategy for Inhibition of Mesangial Cell Proliferation

ner, whereas a mismatch control ODN did not; (b) the E2F
decoy, but not the mismatch control ODN, was a sequence-
specific competitor of E2F binding sites as determined by
EMSA; and (c) the E2F decoy, but not the control ODN, sig-
nificantly suppressed PCNA mRNA expression. PCNA is a
cofactor of DNA polymerase-3 and is essential for the process
of DNA replication (50, 51), specifically for the progression
from the G1 phase to the S phase of the cell cycle. Because
PCNA expression is low in quiescent cells, but increases after
stimulation of the cells by growth factors such as PDGF,
bFGF, and EGF (52), it frequently is used as a marker of cell
proliferation. The upstream region of the PCNA gene contains
the E2F binding site consensus sequence (10), making it a suit-
able control for confirming the ability of the E2F decoy ODN
to inhibit transcriptional activation.

The antiproliferative effect of E2F-decoy treatment in cul-
tured MCs prompted us to apply this approach in an in vivo
system. Therefore, we examined the inhibitory effect of E2F
decoy ODN on the progression of mesangial proliferative GN
in a rat anti-Thy 1.1 GN model. Injection of anti-Thy 1.1 anti-
body into rats results in rapid, complement-dependent loss of
MCs with a concurrent disruption of the mesangial matrix
(mesangiolysis; references 53, 54). The early mesangiolysis on
day 1 is followed by massive MC proliferation accompanied by
the glomerular accumulation of various ECM components
(55). To introduce the decoy ODN into the glomerular cells,
we employed cationic MLV-liposomes. These liposomes previ-
ously have been shown to allow high levels of both transient
and stable expression of minigenes because of their efficient
encapsulation of the DNA, their high affinity for the cells re-
sulting from their positively charged surface, and their low cy-
totoxicity (17). The results of preliminary experiments using
FITC-labeled double-stranded ODN to transfect rat kidneys
suggested that our transfection system might be efficient
enough to introduce sufficient decoy ODN into the glomerular
cells.

E2F-decoy treatment remarkably suppressed the prolifera-
tion of glomerular cells (i.e., PCNA™* cells) and significantly re-
duced total glomerular cellularity. Renal glomeruli are com-
posed of three types of resident cells: mesangial, endothelial,
and epithelial cells (3). In addition, diseased glomeruli are in-
filtrated by inflammatory leukocytes. Although we could not
identify clearly the proliferating cell, most of the proliferating
cells in the anti-Thy 1 GN model have been shown to be MCs
(4, 33). Therefore, we hypothesize that the E2F decoy sup-
pressed glomerular MC proliferation. E2F-decoy treatment
also markedly suppressed the expansion of the mesangial ma-
trix. The reduced accumulation of ECM in the mesangium,
may reflect, in part, the reduction in MC numbers. Taken to-
gether, these observations indicate that E2F-decoy treatment
successfully inhibited the progression of mesangial prolifera-
tive GN. E2F-decoy treatment also reduced PCNA mRNA
and protein expression in vivo, supporting the hypothesis that
the decoy ODN served as a sequence-specific competitor of
E2F-binding sites.

Previous studies had employed synthetic oligonucleotides
as antisense compounds that selectively inhibit expression of
target genes by interfering with the translation or processing of
specific cellular mRNAs (52). Previously, we applied antisense
technology successfully to inhibit MC proliferation or patho-
logic ECM accumulation within the glomeruli (15, 56). How-
ever, the usefulness of antisense agents is limited if the gene

2595



that encodes a target protein has not been cloned. Decoy ther-
apy, in contrast, can be used to inhibit the function of DNA-
binding proteins if the corresponding cis-acting regulatory ele-
ments have been characterized. Moreover, decoy ODNs can
abolish the transcriptional activation of an entire group of
genes that are regulated by the targeted transcription factor,
whereas antisense ODNSs only inhibit the expression of a single
target gene. Finally, the decoy strategy may be more effective
than the antisense approach in blocking constitutively ex-
pressed factors as well as the activities of multiple transcription
factors that bind to the same consensus sequence (46, 48, 57).

Several previous reports demonstrated that E2F-Rb com-
plex repressed transcription upon binding to certain E2F-
responsive promoters (58, 59). The binding of Rb to E2F is
controlled by phosphorylation of Rb, and the phosphorylation
state of Rb varies with the cell cycle, which is relatively under-
phosphorylated in the G1 phase, but is hyperphosphorylated
as the cell approaches the S phase and remains phosphorylated
until the late M phase. Therefore, E2F site was supposed to al-
ternate between a positive and a negative element according
to the phosphorylation state of Rb. These findings prompted
the hypothesis that, by repressing transcription, the Rb/E2F
complex may play an active role in suppressing progression
through G1 until an appropriate signal triggers Rb phosphory-
lation and its release from E2F (60). Accordingly, we believe
the role of Rb/E2F complex may be to coordinate progression
of the cell cycle. The level of active Rb in proliferating cells is
supposed to be held in check by phosphorylation, resulting in
insufficient Rb to bind all of the accumulating E2F (61). Thus,
while Rb/E2F complex accumulates, there is more free E2F
than can be bound by Rb in a proliferative response. The anti-
proliferative capacity of decoy ODN may be mediated through
binding to free E2F, which plays a major role in cell cycle pro-
gression.

Recently, Field et al. (62) reported that E2F-1"~ mice ex-
hibited a number of defects in T cell development and specu-
lated that E2F-1 functioned to positively regulate apoptosis
and suppressed cell proliferation. A similar observation was
reported by Yamasaki et al. (63), demonstrating that E2F-1
functions as a tumor suppressor. These observations were sur-
prising, because overexpression of E2F-1 in tissue culture cells
stimulated cell proliferation and was oncogenic (41-43). The
formation of tumors in some tissues of E2F-17/~ mice may in-
dicate that transcriptional repression by Rb/E2F-1 complex
plays an important role in the inhibition of abnormal cell pro-
liferation. The E2F family consists of E2F-1, 2, 3, 4, and 5, and
all E2Fs are structurally similar, having numerous conserved
sequence blocks (64-69). Further, all E2Fs bind to the consen-
sus E2F binding site (64-69). As E2F is a multigene family, the
elimination of just one member (E2F-1) may induce compen-
satory overexpression of other family member genes resulting
in tumorigenesis, and thus may well not eliminate the prolifer-
ative capacity of the cell (45). We believe E2F-decoy ODN in-
hibited the activity of all family members, because they were
shown to bind to the consensus E2F binding site.

In summary, E2F-decoy ODNs inhibited the proliferation
of MC both in vitro and in vivo, indicating that E2F is an es-
sential transcription factor for MC proliferation. Our results
suggest that a decoy strategy targeting E2F potentially would
be effective in inhibiting the proliferation of MCs in various
glomerular diseases. To fully realize the potential of decoy
ODNs s to serve as therapeutic agents, however, efficient drug
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delivery systems need to be developed that allow the selective,
localized administration of these agents to the target organs to
reduce the risk of adverse effects on other organs. Once this
and other obstacles are overcome, however, decoy-ODN ther-
apy may become a very potent and attractive strategy in the
treatment of human chronic GN, especially because this ap-
proach can be used to suppress the transcriptional activation of
an entire family of target genes.
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