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Inhibition of Cellular Proliferation by Antisense
Oligodeoxynucleotides to PCNA Cyclin

DAr1usz JASKULSKI, J. Kim DERIEL, W. EDWARD MERCER,
BRUNO CALABRETTA, RENATO BASERGA

The proliferating cell nuclear antigen (PCNA or cyclin) is a nuclear protein recently
identified as a cofactor of DNA polymerase 8. When exponentially growing Balb/c3T3
cells are exposed to antisense oligodeoxynucleotides to PCNA, both DNA synthesis
and mitosis are completely suppressed. A corresponding sense oligodeoxynucleotide
has no inhibitory effects. These experiments indicate that PCNA (cyclin) is important
in cellular DNA synthesis and in cell cycle progression.

HE PCNA WAS ORIGINALLY DE-

scribed as a nuclear antigen detect-

able by immunofluorescence, and its
appearance has been correlated to the prolif-
erative state of the cell (1). A similar nuclear
protein described by Bravo and co-workers
was called cyclin (2). PCNA and cyclin were
shown to be identical (3) and were identi-
fied as an auxiliary protein for DNA poly-
merase 8 (4), necessary for the replication of
simian virus 40 DNA (5). A partial-length

Department of Pathology and Fels Research Institute,
Temple University Medical School, Philadelphia, PA
19140.

1544

cDNA clone of human PCNA was isolated
and sequenced by Almendral ez al. (6), and a
full-length human cDNA clone was isolated
(7) from an Okayama-Berg library (8).

We have constructed oligodeoxynucleo-
tides complementary to either the sense or
the antisense strand of the first 36 nucleo-
tides of the PCNA sequence, beginning
from the AUG codon.

The relevant PCNA sequence for these
experiments includes the last 48 nucleotides
that precede the AUG codon, as well as the
first 72 nucleotides of the coding sequence
(Fig. 1). Four 18-mer oligodeoxynucleo-
tides were synthesized (Fig. 1). The first 18-

mer (cyclin 1) extends from nucleotide 4 to
nucleotide 21, inclusive. Cyclin 3 extends
from nucleotide 22 to nucleotide 39 inclu-
sive. Cyclin 2 and cyclin 4 are the antisense
complementary strands of cyclin 1 and cy-
clin 3, respectively. The oligonucleotides
were made on an Applied Biosystems 380B
DNA synthesizer by means of B-cyanoethyl
phosphoramidite chemistry. The overall
yield of 18-mer was 80 to 85%, and the
lyophilized product was redissolved in cul-
ture medium.

In these experiments we used Balb/c3T3
cells, exponentially growing on cover slips in
the presence of Dulbecco’s medium supple-
mented by 10% fetal bovine serum. The
oligodeoxynucleotides [a mixture of cyclins
1 and 3 (sense) or cyclins 2 and 4 (anti-
sense)] were added at time 0 to cultures
without serum, as follows. The growth me-
dium was removed, and the cultures were
incubated in Dulbecco’s medium (without
serum) to which oligodeoxynucleotides (30
pM) were added. After incubation for 30
min with oligodeoxynucleotides, serum was
added to a final concentration of 10% with-
out changing the medium. The cells were
incubated for up to 24 hours, labeled with
[*H]thymidine (6.7 pCi/ml) for 30 min,
and then fixed in methanol. Addition of
antisense  oligodeoxynucleotides markedly
inhibited the proliferation of Balb/c3T3
cells. Cultures incubated with cyclins 2 and
4 remained sparse, whereas the correspond-
ing controls and the cells exposed to sense
oligodeoxynucleotides grew to 70% conflu-
ence, as evaluated by visual observation.

The labeling indices of these cultures, as
measured after autoradiography, are shown
in Fig. 2. We show two experiments in
which the labeling index of the controls (no
treatment) is slightly different, but these
experiments have been repeated seven times
and the results are reproducible. With this
protocol, the labeling index of exponentially
growing control cells should remain roughly
constant, with time, as was observed (Fig.
2). Cells exposed to antisense oligodeoxynu-
cleotides had a markedly decreased labeling
index. The decrease began at 6 hours, and by
16 hours no labeled cells could be detected.
In cells exposed to sense oligodeoxynucleo-
tides the labeling index remained constant,
at about the same level of their controls.
Cells exposed to the sense oligodeoxynu-
cleotides had a decrease in the number of
autoradiographic grains per nucleus (20 to
30; the grains in the control could not be
counted), although the percentage of la-
beled cells remained the same as in controls.
The decrease is due, we believe, to the high
amounts of sense and antisense oligodeoxy-
nucleotides added to the cultures. It is con-
ceivable that the oligodeoxynucleotides are
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slowly broken down, thus liberating enough
thymidine triphosphate (dTTP) to consider-
ably dilute the precursor pool. The amount
added, 30 pM, is above the cellular concen-
tration of dTTP, which is in the order of
picomoles (9).

The effect of these oligodeoxynucleotides
on cell proliferation, independent of the
effect on the incorporation of [*H]thymi-
dine, was also measured by counting the
number of mitoses per 1000 cells (Fig. 3).
Addition of sense oligodeoxynucleotides to
the cultures did not change the mitotic
index, which remained indistinguishable
from that of the controls (no treatment).
However, in cells exposed to antisense oli-
godeoxynucleotides there was a complete
suppression of mitosis and, in fact, no mito-
ses were observed in cells treated for 16 or
24 hours with antisense oligodeoxynucleo-
tides.

In other experiments we used only one
oligomer, the one extending from nucleo-
tide 4 to nucleotide 21 inclusive (cyclins 1
and 2) and the results were identical. For

TTC CTC CTT CCC GCC TGC CTG TAG

CGG CGT TGT TGC CAC TCC GCC ACC

ATG TTC GAG GCG CGC CTG GIC CAG

GGC TCC ATC CTC AAG AAG CTG TTG

GAG GCA CTC AAG GAC CTC ATC AAC

Fig. 1. Partial sequence of the PCNA gene. The
coding strand includes 48 nucleotides preceding
the ATG codon (the first triplet in the third row)
and 72 nucleotides of the coding sequence. The
synthesized 18-mer sequences are indicated by
lines, either above or below the letters.

Labeled cells (%)

n A ‘
6 12 18 24

Time (hours)

Fig. 2. Percentage of labeled Balb/c3T3 cells at
various intervals after exposure to sense or anti-
sense oligodeoxynucleotides. Cells were exponen-
tially growing on cover slips and labeled with
[*H]thymidine for 30 min before fixation. @,
Cells exposed to antisense oligodeoxynucleotides;
O, their controls; A, cells exposed to sense oligo-
deoxynucleotides; A, their controls.
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example, 24 hours after addition of the
oligodeoxynucleotides the labeling index of
control cells was 47%, while that of cells
exposed to the antisense 18-mer was <1%.
The mitotic index was 1.6% in control cells,
but no mitoses could be observed in the
antisense treated cells. The addition of a
single 18-mer antisense oligodeoxynucleo-
tide sequence (whether it was cyclin 2 or
cyclin 4) gave even more inhibition than the
simultaneous addition of both 18-mers. The
effect on cell proliferation was even more
striking, with very little growth of the sparse
cells, whereas control cells (with or without
sense oligodeoxynucleotides) grew vigor-
ously. A dose-response experiment with cy-
clin 2 showed that 2 pM had very little effect
on the growth of Balb/c3T3 cells, 5puM gave
~50% inhibition, and 10 pAM (or more)
completely inhibited growth.

The amount of DNA per cell was mea-
sured by computer-operated microspectro-
fluorimeter in exponentially growing cells
treated with cyclin 2 (10). Control cells or
cells treated with a sense oligomer gave very
close distributions: 48 to 50% of the cells
had a G; DNA content, 40 to 42% had an S
phase content, and 10% had a G, content.
In cells treated with an antisense oligomer,
G, cells completely disappeared, and the
fraction of S phase cells tended to have
lower DNA values. These data indicate that
the block must occur at the G4/S boundary
or in the early S phase.

We also quantitated the expression of the
PCNA protein in cells treated with antisense
oligodeoxynucleotides. The amount of
PCNA in control cells, and in cells exposed
to cither sense or antisense oligodeoxynu-
cleotides, was determined by immunofluo-
rescence (11) (Fig. 4). Cells treated with an
antisense 18-mer (cyclin 2) for 24 hours
show a marked decrease in the amount of
nuclear PCNA. The amount of PCNA per
cell was essentially the same in control cells
(untreated) and in cells exposed to the sense
18-mer (Fig. 4, A and B). In cells exposed to
the antisense 18-mer the amount of PCNA
was about 40% that of the control cells (Fig.
4C). Bravo and Macdonald-Bravo (12)
found that, after 24 hours of quiescence, the
amount of PCNA (cyclin) was 30 to 40%
that of growing cells. It seems, therefore,
that the protein is relatively stable.

Reports have indicated that exposure of
cells to antisense RNA to c-fos inhibits cell
proliferation (13). Heikkila ez al. (14) re-
ported that human lymphocytes exposed to
a 15-mer antisense oligodeoxynucleotide to
c-myc do not enter the S phase after mitogen
stimulation. Holt ez al. (15) similarly found
that an antisense oligodeoxynucleotide to c-
mye inhibited cell proliferation and induced
differentiation in HL-60 cells. The effect was

not as dramatic as in our experiments, but
we used much higher concentrations of
oligomers, 30 pM versus 4 wM in their
experiments. The inhibition of growth was
reversible (15) and, as in our studies, remov-
al of the antisense oligomer restored growth
with a delay of about 36 to 48 hours (16).

We have shown that exposure of expo-
nentially growing Balb/c3T3 cells to anti-
sense oligodeoxynucleotides of PCNA com-
pletely inhibits cellular DNA synthesis and
cellular proliferation. The inhibitory effect
of the antisense oligodeoxynucleotides to

15 ¢

Mitotic index

6 12 18 24
Time (hours)

Fig. 3. Mitotic indices of Balb/c3T3 cells exposed
to sense or antisense oligodeoxynucleotides.
Number of mitoses per 1000 cells were deter-
mined at the indicated intervals. @, Cells exposed
to antisense oligodeoxynucleotides; O, cells ex-
posed to sense oligodeoxynucleotides; A, con-
trols.
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Fig. 4. Fluorescence intensity of Balb/c3T3 cells
stained with a monoclonal antibody to PCNA.
The abscissa is the percent fluorescence intensity
as determined by a computer-operated microspec-
trofluorimeter. (A) Untreated cells; (B) cells
treated with sense oligodeoxynucleotides; (C)
cells treated with antisense oligodeoxynucleotides
(n = 100 cells per graph).
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PCNA could be due to a direct effect on
PCNA or could be due to the induction of
interferon. Interferons, and interferon-like
substances, have been known to inhibit cell
proliferation (17).

We cannot rule out this possibility even
though it has not been shown that oligo-
deoxynucleotides induce interferon (I8).
PCNA is a cofactor of DNA polymerase 3,
and it is believed that DNA polymerase 3 is
involved in cellular DNA replication (19).
The finding that an antisense to PCNA
results in complete suppression of DNA
synthesis and of cellular proliferation indi-
cates that PCNA is required for both cellular
DNA synthesis and cell cycle progression. A
reasonable amount of PCNA is still present
in quiescent cells (12) or in cells inhibited by
antisense oligodeoxynucleotides; the onset
of cellular DNA synthesis may depend on a
critical amount of PCNA. Finally, we would
suggest that exposure of cells to antisense
oligodeoxynucleotides may conveniently re-
place the more cumbersome use of antisense
RNAs.
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Cachectin/TNF and IL-1 Induced by Glucose-Modified
Proteins: Role in Normal Tissue Remodeling

HELEN V1ASSARA,* MICHAEL BROWNLEE, KIRK R. MANOGUE,
CHARLES A. DINARELLO, ARAXI PASAGIAN

Proteins undergo a series of nonenzymatic reactions with glucose over time to form
advanced glycosylation end products (AGEs). Macrophages have a receptor that
recognizes the AGE moiety and mediates the uptake and degradation of AGE proteins.
This removal process is associated with the production and secretion of cachectin
(tumor necrosis factor) and interleukin-1, two cytokines with diverse and seemingly
paradoxical biological activities. The localized release and action of these cytokines
could account for the coordinated removal and replacement of senescent extracellular
matrix components in normal tissue homeostasis.

ACROPHAGES PRODUCE THE PO-
tent cytokine cachectin [also
called tumor necrosis factor

(TNF)] in response to bacteria, viruses, and
parasitic organisms (1). This 17-kD protein
was first identified as a factor able to pro-
mote hemorrhagic necrosis in some trans-
planted tumors (2) and kill several trans-
formed cell lines (3). Soon thereafter, this
same protein was independently isolated (4)
and cloned (5) as a mediator of cachexia and
shock. A number of studies with recombi-
nant cachectin/TNF demonstrated the plu-
ripotent effects of this protein. Included
among these diverse bioactivities are en-
hancement of fibroblast growth (6), stimula-
tion of collagenase release from several mes-
enchymal cell types (7), bone resorption
accompanied by increased osteoclast and
decreased osteoblast number (&), promotion
of angiogenesis (9), and induction of a
number of growth factors including granu-
locyte-macrophage colony-stimulating fac-
tor (10), platelet-derived growth factor (11),
and interleukin-1 (IL-1) (12, 13), itself a
known growth promoter and proteolytic
enzyme inducer. The paradoxical capacity of
these cytokines to promote both necrotic
and growth responses in tissue suggest that
cachectin/TNF and IL-1 might in fact serve
as the mediators of a single important bio-
logical process—normal tissue remodeling.
In addition to their role during invasion,
monocyte-derived macrophages are believed
to play an important role in tissue homeo-
stasis in response to senescence or local
injury by regulating mesenchymal cells and
turnover of extracellular matrix proteins
(14). Although effects of cachectin/TNF and
IL-1 could account for several central fea-
tures of tissue homeostasis, no endogenous

Laboratory of Medical Biochemistry, The Rockefeller
University, 1230 York Avenue, New York, NY 10021,
and New England Medical Center, Tufts University,
Boston, MA 02111.

*To whom correspondence should be addressed.

stimulus regulating physiologic, noncyto-
toxic secretion of these mediators has yet
been identified.

Recently, we identified a novel mem-
brane-associated receptor on both peritoneal
macrophages and human peripheral mono-
cytes (K, = 10’M !, 10° sites per cell) that
specifically recognizes proteins modified by
advanced glycosylation end products
(AGEs) (15, 16). Using different proteins
such as myelin proteins and low density
lipoproteins, we showed that the AGE re-
ceptor recognizes only the AGE moiety,
irrespective of type of protein (15-17). Pro-
teins that are enzymatically glycosylated
have carbohydrate structures totally unrelat-
ed to the nonenzymatically formed AGEs
and do not bind to the AGE receptor. These
irreversible nonenzymatic protein modifica-
tions form, through a series of slowly occur-
ring dehydrations and rearrangements of the
nonenzymatic addition product of glucose
with protein amino groups, the Amadori
product (18, 19). One of these adducts
has been identified as 2-(2-furoyl)-4(5)-
(2-furanyl)-1H-imidazole ~ (FFI), which
forms from the condensation of two glucose
molecules and two free lysine e-amino
groups of protein (20). Proteins with only
Amadori-stage adducts are not recognized

Table 1. Detection of IL-1 production of human
monocytes in response to AGE proteins. Normal
human monocytes were prepared as described in
Fig. 1. IL-1B was determined in total cell lysates
by radioimmunoassay as described (28). Analysis
of data (# = 6), shown here as means + SD, by
one-way analysis of variance (32), indicated that
the difference between glucose-modified albumin
(AGE-BSA) and normal unmodified albumin
(NI-BSA) is statistically significant (P < 0.002).
All other P values were also <0.001.

Ligand added IL-1B (pM)
AGE-BSA (250 pg/ml) 93.5 (= 29.9)
NI-BSA (250 pg/ml) 16.2 (= 1.6)

IFN-y (1 ng/ml)
LPS (0.2 ng/ml)

None detected
372.0 (+ 36.4)
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