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Abstract The promoter region of the c-fos oncogene 5 ’  flanking sequence contains enhancer elements crucial for 
binding nuclear factors that regulate transcription following cell proliferation and differentiation. Single-stranded 
deoxyoligonucleotides were chosen for modulation of c-fos protooncogene expression because of their high-affinity 
binding to specific nucleotide sequences. We designed two oligonucleotides that form a triple-helix complex on the 
retinoblastoma gene product-responsible element of the c-fos oncogene. 

Modification of the DNA triplex with dimethyl sulfate and affinity cleaving assays demonstrate that the predicted 
oligonucleotides form a DNA triplex structure with the c-fos promoter in a sequence-specific manner. Tumorigenic and 
non-tumorigenic fibroblasts were transiently transfected with fos-CAT plasmid modified with alkylating triplex-forming 
oligonucleotide reagents. A dramatic depression of CAT activity was found when the cross-linked triple helix complex at 
the retinoblastoma gene product-related site of the c-fos promoter was used. 

These experiments suggest that transcription of individual genes can be selectively modulated in cell culture by 
sequence specific triplex formation in regulatory enhancer sequences. 
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c-fos is an early growth-regulated gene that is 
expressed during cell proliferation [Lord et al., 
1993; Muller et al., 19931, and in the terminally 
differentiated cell type as in hematopoietic cell 
progenitors Wagaloff and Xie, 19951. Transcrip- 
tional stimulation of the c-fos gene proceeds in 
the absence of protein synthesis, suggesting that 
the transcriptional enhancer and other cis- 
acting sequences are involved in the regulation 
of c-fos expression [Triesman, 19851. Several of 
these factors are located not only 5’ to the start 
of transcription, but also 3’ in the noncoding 
region [Prywes et al., 1988; De Belle et al., 
19911. To verify the significance of such cis- 
acting sequences in c-fos expression, several 
methods including DNase I footprinting were 
used [Lavrovsky et al., 19941. Recently, oligo- 
nucleotides have been discovered as reagents 
that can bind to specific nucleotide sequences of 
cellular genes to study the significance of the 
cis-acting elements in regulating gene expres- 
sion and cell function. Two strategies of oligo- 
nucleotide reagents have been used. The best 
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known approach involves antisense oligonucleo- 
tides that bind mRNA to inhibit its processing 
or translation. The second approach is the tri- 
plex strategy which employs single-stranded 
DNA oligonucleotides that bind to the major 
groove of a double-stranded target DNA to form 
a triple-helix or “triplex” in a sequence-specific 
manner [Maher I11 et al., 1989; Maher 111,1992; 
Ing et al., 1993; Helene, 1991; McShan et al., 
19921. When triplex-forming oligonucleotides 
(TFOs) are targeted to a vital promoter region of 
a test gene, they have been shown to selectively 
repress transcription and to interfere with the 
function of sequence-specific DNA binding pro- 
teins such as transcription factors, both in vitro 
and in culture [Duval-Valentin et al., 19921. For 
these reasons, oligonucleotides directed to  a pre- 
cise DNA sequence provide an ideal condition to 
examine the promoter activity of c-fos. We have 
recently identified a novel sequence in the up- 
stream region of the c-fos promoter (-611 to 
-30) to encode nuclear factors which bind to 
AP-2-like elements [Lavrovsky et al., 19941. This 
promoter region contains a homnopurine-ho- 
mopyrimidine sequence which is expected to 
form triple helices with corresponding oligo- 
nucleotides. Some of these sequences have been 
shown to overlap with characterized czs-ele- 
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ments. It therefore provided us with the oppor- 
tunity to interfere with c-fos promoter function 
by triple helix formation with alkylating deriva- 
tives of corresponding oligonucleotides [Knorre 
and Vlassor, 19911. In order to better under- 
stand the potential of triple-helix-forming oligo- 
nucleotide derivatives as site-specific transcrip- 
tion modulators, we developed a cellular system 
to measure the effects of these oligonucleotide 
reagents on transcription. A reporter gene strat- 
egy coupled with the DNA-affinity modification 
technique was used in an effort to facilitate 
oligonucleotide uptake, optimize triple-helix for- 
mation and provide convenient biological as- 
says. Moreover, by using the 14-mer oligonucleo- 
tides modified with the chloroethylamine group 
which forms a triple helix, we showed an irrevers- 
ible and specific inhibition of c-fos-CAT activity. 

MATERIALS AND METHODS 
Oligonucleotides 

Oligonucleotides were purchased from Biosyn- 
thesis (Texas). The plasmid fos-CAT has a 
double-stranded circular genome 5424 bp long 
[Lavrovsky et al., 19941. It was grown in Esch- 
erichia coli, isolated, purified, and characterized 
using standard techniques. 

Cell Culture, Transient Transfedion, 
and CAT Assay 

Cell culture, transient transfection, and CAT 
assay were performed as previously described 
[Lavrovsky et al., 1993; Lavrovsky et al., 1994al. 
Data were analyzed using Statistica software 
(Microsoft Corp, Tulsa, OK). 

Radiolabeled DNA Substrates 

End-labeled DNA fragments of the murine 
c-fos promoter region ( - 61 1 to - 30, taken from 
the fos-CAT plasmid) containing the triplex tar- 
get sequence were excised from the plasmid as 
described below. 

The 5'-32P-labeled fragment F1 was prepared 
as follows: the fos-CAT plasmid was cleaved 
with HzndIII, yielding a 586-bp fragment, and 
isolated by electrophoresis in 1.5% agarose gel. 
The DNA fragment was dephosphorylated with 
calf intestinal alkaline phosphatase and treated 
with [Y-~~PIATP and T4 polynucleotide kinase 
to obtain a Ei'-end-radiolabeled DNA fragment. 
After purification procedures, the radiolabeled 
fragment was cleaved with AvaI endonuclease. 

The resultant Fl(478 bp) was isolated by electro- 
phoresis in 5% native polyacrylamide gel (PAAG). 

The DNA fragment F2 (478 bp) was prepared 
by digestion of the fos-CAT plasmid at the AvaI 
site. 3'-[32P]-labeling at the ends was performed 
using the Klenow fragment of DNA polymerase 
I and the corresponding [ I X - ~ ~ P I ~ N T P .  DNA was 
then cut by the HindIII restriction enzyme. The 
labeled fragments were isolated by electrophore- 
sis in a 5% native PAAG. The F5 fragment (586 
bp) was labeled at both strands at the HindIII 
sites using [ ~ L - ~ ~ P I ~ A T P .  The fragment was iso- 
lated by electrophoresis in 4% native PAAG and 
the Klenow fragment of DNA polymerase I. 

Oligonucleotide Reagents 

The oligonucleotide (5'p-CTTCCCCCCCCT- 
TC) was coupled with the modified akylating 4-(3- 
amino)propyl(N-2-chloroethyl-N-methyl) aniline 
group reagent in which the terminal amino group 
was conjugated with the - CH2CH2CH2CH2NH2 
spacer [Brossalina et al., 19911. This modified 
reagent contains the alkylating group that has 
more conformational mobility. The reagent was 
purified by high performance liquid chromatog- 
raphy (HPLC) on a Lichrosorb CI8 column in a 
gradient of acetonitrile (0-30%) containing 0.1 
M LiC104 which yielded products of >95% 
purity. 

Affinity Cleaving 

Plasmid DNA and the radiolabeled DNA frag- 
ments were subjected to affinity cleavage in our 
experiments. The alkylation conditions were the 
same as described [Brossalina et al., 19911 with 
the following modifications: 

DNA Fragment Alkylation 

In a typical experiment, we used 20 ~1 of a 
mixture containing about 10,000 cpm radiola- 
beled target DNA (about 5 nM), 5 p,M of the 
oligonucleotide reagent, 150 mM NaC1, 50 mM 
sodium acetate, pH 5.4, and 10 mM MgC12. The 
alkylation reaction was performed for 22 h at  
22°C. To identify the alkylated sites, the modi- 
fied DNA was treated with 1 M piperidine at 
90°C for 10 min, extracted with ether, ethanol 
precipitated, lyophilized and resolubilized in for- 
mamide loading buffer. The cleavage products 
were then resolved on the denaturing 10% or 
5% polyacrylamide gel and detected by autoradi- 
ography. 
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Plasmid DNA Alkylation 

The reactions were carried out in 20 pl (ana- 
lytical variant) or 300 p1 (preparative variant) of 
the appropriate buffer as described for the frag- 
ment DNA alkylation. The concentration was 50 
pM for the oligonucleotide reagent and 75 nM 
for the plasmid DNA. To identify the modifica- 
tion sites after the reaction, DNA was ethanol 
precipitated, cleaved with AuaI and Hind111 en- 
zymes, and labeled at the AuaI site. The cleaved 
DNA was then extracted with phenol/chloro- 
form, followed by ethanol precipitation. To cleave 
the modified DNA at the alkylated residues, the 
DNA was incubated for 10 min in 1 M piperidine 
at 90°C, followed by ether extraction and etha- 
nol precipitation. The products of cleavage were 
lyophilized and resolubilized in formamide load- 
ing buffer and then separated on a polyacryl- 
amide gel, followed by autoradiography detec- 
tion. 

Denaturing Gel-Mobility Band Shift Assay 

Triplex formation between the 3'-labeled DNA 
fragment and the corresponding oligonucleotide 
reagent, and the reaction of alkylation were 
performed in a 20-pl reaction mixture as de- 
scribed for DNA fragment alkylation. DNA tar- 
get and corresponding triplex-forming oligo- 
nucleotides are shown in Figure 1. DNA was 
then ethanol precipitated, lyophilized, and re- 
solubilized in formamide loading buffer. The 
reaction products were then resolved on the de- 
naturing polyacrylamide gel and detected by 
autoradiography . 

Chemical Sequencing 

Sequencing reactions of the uniquely end- 
labeled DNA fragments were carried out as de- 
scribed [Berger and Kimmel, 19871. 

Dimethyl Sulfate Probing 

Triplex formation between 3'- or 5'-labeled 
DNA and the corresponding oligonucleotide (0, 
0.0001, 0.001, 0.01, 0.1, 10 pM) was performed 
in a 20-p1 reaction mixture as described for 
affinity cleaving, unless otherwise stated. Five 
pl of a 2.5% aqueous solution of DMS and 1 pg 
of a nonspecific sonicated calf thymus DNA (this 
carrier DNA were added to maintain constant 
the level of both single- and double-stranded 
DNA and facilitate precipitation) was added to 
the preformed triples. After 2 min, the reaction 
was terminated by addition of 1 ~1 of 2-mercap- 
toethanol, followed by ethanol precipitation. The 
modified DNA was then treated with 1 M piperi- 
dine at 90°C for 10 min. Cleaved DNA was then 
extracted with ether followed by ethanol precipi- 
tation, lyophilization and resolubilization in for- 
mamide loading buffer. The piperidine cleavage 
products were separated on a denaturing poly- 
acrylamide gel and detected by autoradiogra- 
PhY. 

RESULTS AND DISCUSSION 
Target Selection and Design of Triple Helix 

Forming Oligonucleotides 

The murine c-fos oncogene promoter contains 
multiple regulatory cis-acting elements [De Belle 
et al., 1991; Lavrovsky et al., 1994; Maher I11 et 
al., 1989; Maher 111, 1992; Ing et al., 1993; 
Helene, 1991; McShan et al., 1992; Duval- 
Valentin et al., 1992; Lavrovsky et al., 19931. 
The plasmid fos-CAT contains the reporter gene 
encoding chloramphenicol acetyltransferase un- 
der the control of the murine c-fos promoter 
[Lavrovsky et al., 19931. The product of the 
retinoblastoma susceptibility gene RB-1 (Rb) 
regulates transcription of a wide variety of genes 
via protein-protein interactions [Nevins, 1992; 

human 5'-CgCgCgCCACCCCTCTggCgCCAC-3' 
rat 5'-CgCTTTCC CCCCTCCAgTTTCTC-3' 
mouse 5'-CgCTT CC CCCCCC TTC C-3' 
OR 3'-CTT CC CCCCCC TTCp-RCL 
TFO-1 3'-CTT CC CCCCCC TTC-5' 
TFO-2 5'-gAA g g g g g g g g AAg-3' 

Fig. 1. Comparison of the human, rat, and mouse RCE of the c-fos promoter region (only upper strand 
presented). Triplex-forming oligonucleotides (TFO) and oligonucleotide reagent (OR) bearing the reactive 
group (RCI) are indicated. 
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Fig. 2. The chemical probing of the 5’4abeled F1 fragment with DMS. Autoradiogram of the 5% 
denaturing polyacrylamide gel. The final concentrations of the oligonucleotides added (FM) are shown 
above each line. The 3’-end is  at the top. Vertical line indicates the target sequence 5’-GAACGGCCCG- 
CAAC. A: TFO-1 (5‘-CTTCCCCCCCCTTC) used in the triplex-forming buffer (pH 5.4). 6: TFO-2 ( S ’ -  
CAAGGGCCGGGAAG) used in the triplex-forming buffer (pH 7.3). 
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Hamel et al., 19921. A cis-acting element in the 
c-fos promoter that can confer repression by Rb 
has been reported [Robbins et al., 19901. We 
designed triplex forming oligonucleotides tar- 
geted to the mouse c-fos promoter region which 
could be considered as a proposed RCE in the 
context of the murine c-fos promoter region. We 

therefore termed this region the RCE-like site. 
Homopurine and homopyrimidine oligonucleo- 
tides were designed to bind potentially to double- 
stranded DNA at a selected target contained 
within the c-fos promoter region, as seen in 
Figure 1 and were designed to bind in a parallel 
orientation to the purine-rich strand, using a 
combination of established base triplets (C*GC). 
By contrast, a purine-rich oligonucleotide was 
designed to use G*GC triple helix pairing rules 
[Maher 111, 1992; Hanvey et al., 1991; 
Radhakrishnan and Patel, 19941. This kind of 
triplex-forming oligonucleotide (TFO) was de- 
signed to bind the target sequence in an antipar- 
allel orientation. Both homopurine and homopy- 
rimidine oligonucleotides and the pairing rules 
used in their design are shown in Figure 1. 

Detection of Triple Helix Formation in the c-fos 
Promoter Region by Chemical Probing with DMS 

To detect triple helix formation, we used 
chemical probing with DMS. Since triplex bind- 
ing shelters the N7 position of guanosine resi- 
dues in the duplex, the triplex zone remains 
unmodified by DMS, while all guanosines out- 
side the zone are modified as usual. As a result, a 
characteristic DMS footprinting pattern reflects 
the triplex formation. 

For cytosine containing third-strand oligo- 
nucleotides, the triple helix formation was car- 
ried out under acidic pH values. To form the 
triple helix DNA structure, the polypurine-rich 
triplex-forming oligonucleotides were incubated 
with the DNA fragment possessing the target 
sequence under physiological pH values. The 
results of DMS footprinting experiments per- 
formed on complexes formed by a symmetrical 
target and TFOs in magnesium-containing buff- 

Fig. 3. Alkylation experiments with target containing frag- 
ments. Autoradiogram of the 5% denaturing polyacrylamide gel. 
A) Identification of the alkylation site in the 5’-labeled fragment 
F1 reacted with oligonucleotide reagent OR at pH 5.4 Lane 1, 
G-specific partial cleavage of the fragment; lane 2, F1 treated 
with 5 KM of OR and cleaved with 1 M piperidine; lane 3, F1 
fragment treated with 5 pM of OR without piperidine cleavage; 
lane 4, intact F1 control, incubated in the absence of reagent. 
*G indicates the alkylation site, G (-891, which was attacked by 
the reactive group, RCI; B) Alkylation experiments with the Aval 
site-labeled F2 fragment reacted with OR at pH 5.4. Lane I ,  
intact F 2  control, incubated without OR; lane2, treated with OR 
and cleaved with 1 M piperidine; lane 3, denaturing gel mobility 
bandshift assay. RC indicates the covalent adduct between F 2  
and OR; CS represents the cleavage site. 



306 Lavrovs ky 

ers are presented in Figure 2. It can be seen that 
both homopyrimidine (Fig. 2A) and homopurine 
(Fig. 2B) oligonucleotide designs yield clear foot- 
prints. For the homopyrimidine-rich TFO-1, a 
clear footprint appeared at the 0.1 p,M concentra- 

tion of the TFO, whereas TFO-2 produced a 
clear footprint at a concentration 10 times higher 
than that of the oligonucleotide. Figure 2B shows 
the strong reactivity of the flanking guanosine 
residue toward DMS. It should also be noted 
that TFO-2 is identical to the target sequence. 

Triplex formation can also be monitored by 
affinity cleavage, in which the RC1-equipped third 
strand induces site-specific alkylation of the tar- 
get DNA under described conditions. The alkyl- 
ated DNA can then be cleaved at the modified 
residues and the cleavage products can be ana- 
lyzed by denaturing gel electrophoresis. The re- 
sults of DMS footprinting experiments carried 
out on specific triple helix complexes formed by 
symmetrical RCE-like (target) and appropriate 
oligonucleotides TFO-1 and TFO-2 showed that 
both the pyrimidine and purine TFOs had pro- 
duced clear footprints. First, we studied the 
reaction of the oligonucleotide derivative OR 
with the DNA fragments F1 and F2, which 
possess the target sequence (Fig. 1). Electropho- 
resis of the purine strand labelled fragment F2 
alkylated with the derivative of the oligonucleo- 
tide TFO-1 revealed the labelled product RC 
with decreased electrophoretic mobility (denatur- 
ing gel mobility bandshift assay) that appar- 
ently was the product of the oligonucleotide 
coupling with the DNA (Fig. 3B, lane 3). Piperi- 
dine treatment resulted in DNA cleavage at the 
alkylated site resulting in the formation of a 
shorter labeled fragment, CS (Fig. 3B, lane 2). 
The modification product, CS, also presented in 
some amount, even without piperidine treat- 
ment. Affinity cleavage of the target performed 
with the OR derivative allowed us to determine 
the alkylated site position [G(-89)1 and there- 
fore the third-strand orientation toward the pu- 
rine-rich strand of the target duplex. The third 
strand oligonucleotide was detected to be aligned 
parallel to the purine strand of the target (Fig. 
3A, lane 2). The modification product was found 
to be revealed, even without piperidine cleavage 

Fig. 4. Alkylation experiments with whole plasmid DNA re- 
acted with OR at pH 5.4. The autoradiogram is of the 5% 
denaturing polyacrylamide gel. DNA was alkylated, digested 
with Aval and Hindlll enzymes, labeled at the Aval site, and 
cleaved with piperidine as described in Materials and Methods. 
Lane 7, the control labeled unmodified plasmid DNA; lane 2, 
alkylated fos-CAT plasmid DNA then subjected to digestion, 
labeling, and piperidine treatment. FII and Fl l l  mark DNA frag- 
ments F2 (478 bp) and F3 (108 bp), respectively. M indicates 
the modification product. 
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Fig. 5. Representative experiment showing the effects of OR on the expression of the CAT gene driven by the 
586-bp c-fos proximal promoter fragment. Lane 1, no extract (negative control); lane 2, tumorigenic clone stably 
transfected with fos-CAT (positive control); lanes 3,5,7, unmodified plasmid (20 kg per well); lanes 4,6,8, alkylated 
plasmid (20 Fg per well). A: Nontumorigenic cells. B: Tumorigenic cells; n = 5. 

(Fig. 3B, lane 3). An advantage of the alkylating 
groups is that in the appropriate triple-stranded 
complexes, the reaction should occur with high 
accuracy at single target guanosine residues. 
N-Glycosidic bonds between this guanosine base 
and its deoxyribose moiety is most susceptible to 
hydrolysis in DNA. Depurination occurs sponta- 
neously with a relatively high frequency, even 
under physiological conditions [Lindahl, 19931. 
It was demonstrated that by alkylation, the depu- 
rination rate is accelerated by 106-fold [Loeb and 
Preston, 19861. The resultant apurinic sites then 
led to the apurinic site chain breakage at high 
temperatures [Suzuki et al., 19941. We used 
high-temperature sample incubation in the ap- 
propriate 80% formamide loading buffer just 
before loading onto the denaturing polyacryl- 
amide gel. 

The triplex formation followed by site-specific 
alkylation of the target was supposed to change 
the transcriptional activity of the modified pro- 
moter. For that reason, the whole plasmid DNA 
was subjected to alkylation by the OR, and then 
transfected into the cells to estimate the changes 
in transcriptional activity of the modified pro- 

moter in the cell. To test the specificity of inter- 
action of the oligonucleotide derivatives with 
the target sequence in the whole fos-CAT plas- 
mid, the latter was modified with OR under 
standard conditions. DNA was digested with 
HindIII and AuaI enzymes, labeled at the AuaI 
sites and then subjected to piperidine treat- 
ment. The resultant products were resolved on 
denaturing polyacrylamide gel. Figure 4 shows 
the results of these experiments. The modifica- 
tion sites were identified according to the mobil- 
ity of the restriction fragments with known 
length: 478-bp and 108-bp fragments, which 
corresponded to AuaI and HindIII, the DNA 
restriction products. The modified product was 
marked with an upper case “M.” These experi- 
ments were carried out to confirm the precision 
of the modification address within the whole 
plasmid construct immediately before perform- 
ing the transfection experiments. 

c-fos Transcription Modulation by OR 

Tumorigenic and nontumorigenic fibroblasts 
were transiently transfected with native (fos- 
CATC) and alkylated by OR (fos-CAT‘) plas- 
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mids. Nontumorigenic fibroblasts were used in 
different phases the cell cycle: quiescent (0.5% 
FCS for 48 h after transfection), logarithmic 
(10% FCS), stimulated (0.5% for 48 h after 
transfection, plus 20% FCS for 3 h before cell 
extract preparation). Tumorigenic cells could be 
used only in the logarithmic phase of growth 
[Lavrovsky et al., 1993; Lavrovsky et al., 19941. 
As can be seen in Figure 5, OR was able to 
decrease fos-CAT expression dramatically (com- 
pare lanes 3 and 4,5, and 6, 7, and 8). Tumorige- 
nicity and cell cycle did not play a significant 
role. 

Experiments with transient transfection (Fig. 
5) showed that triplex formation in the RCE- 
like site was crucial for fos-CAT expression in 
fibroblasts and inhibited expression by roughly 
70%, P < 0.05. This could be due to the modifi- 
cation of binding abilities of Rb-dependent pro- 
teins [Robbins et al., 19901. On the other hand, 
this site is very close to TATA element and could 
be involved in basal transcription machinery 
formation. Therefore, the modification in this 
site may result in a dramatic fos-CAT depres- 
sion when plasmid DNA incubates with OR. 

Oligonucleotide derivatives appear to offer con- 
siderable promise as potential gene-targeted 
drugs such as antivirals and specific inhibitors 
of oncogene expression. Transcriptional control 
by triplex-forming complexes for suppression of 
oncogene expression, as shown in this study, is 
another example. Since the antisense approach 
has been quite successful (these reagents having 
similar structures and binding affinities to 
TFOs), the success of binding chemically-modi- 
fied oligonucleotides, such as with the addition 
of cholesterol [Ing et al., 19931 at neutral pH, is 
indeed promising. Noonberg et al. have demon- 
strated that many of the obstacles of this ap- 
proach, i.e., inefficient and heterogeneous cellu- 
lar uptake, intracellular sequestration, and rapid 
intracellular and extracellular degradation can 
be circumvented. Thus, novel approaches to this 
technique may be a powerful research tool and 
with the affinity and specificity of TFOs, such as 
described here, a stategy may develop into a 
mechanism by which we can investigate the role 
of oncogenes in normal and cancerous cells. 

ACKNOWLEDGMENTS 

This work was supported in part by grant 
R01-HL54138 from the National Institutes of 
Health. 

REFERENCES 

Berger SL, Kimmel AR (1987): Guide to molecular cloning 
techniques. Methods Enzymol152:522-538. 

Brossalina EB, Demchenko EN, Vlassov W (1991): Specific- 
ity of interaction of pyrimidine oligonucleotides with DNA 
at acidic pH in the presence of magnesium ions: Affinity 
modification study. Antisense Res Dev 3:357-365. 

De Belle I, Walker PR, Smith ICP, Sikorska M (1991): 
Identification of a multiprotein complex interacting with 
the c-fos serum response element. Mol Cell Biol 2:2752- 
2759. 

Duval-Valentin G, Thuong NT, Helene C (1992): Specific 
inhibition of transcription by triple helix-forming oligo- 
nucleotides. Proc Natl Acad Sci USA 89:504-508. 

Hamel PA, Gill RM, Phillips RA, Gallie BL (1992): Transcrip- 
tional repression of the E2-containing promoters EIIaE, 
c-myc, and RB1 by the product of the RB1 gene. Mol Cell 
Biol12:3431-3438. 

Hanvey JC, Williams EM, Besterman JM (1991): DNA triple- 
helix formation at physiologic pH and temperature. Anti- 
sense Res Dev 1:307-317. 

Helene C (1991): The anti-gene strategy: Control of gene 
expression by triplex-forming oligonucleotides. Antican- 
cer Drug Des 6569-584. 

Ing NH, Beekman JM, Kessler DJ, Murphy M, Jayaraman 
K, Zendegui JG, Hogan ME, O’Malley BW, Tsai M-J 
(1993): In vivo transcription of a progesterone-responsive 
gene is specifically inhibited by a triplex-forming oligo- 
nucleotide. Nucleic Acids Res 21 :2789-2796. 

Knorre DG, Vlassov W (1991): Reactive oligonucleotide 
derivatives as gene-targeted biologically active compounds 
and affinity probes. [Review.] Genetica 85:53-63. 

Lavrovsky Y, Abraham NG, Levere RD, Lavrovsky V, 
Schwartzman ML, Kappas A (1994): Characterization of a 
142-bp fragment of the murine c-fos oncogene promoter 
upstream of the SIF-binding element. Gene 142:285-290. 

Lavrovsky W, Svinarachuk FP, Lavrovsky VA, Yefremov 
YR, Vlassov W (1993): C-fos gene expression in cell 
revertants from a transformed to  a pseudonormal pheno- 
type. FEBS 316:161-164. 

Lindahl T (1993): Instability and decay of the primary 
structure of DNA. Nature 362:709-715. 

Loeb LA, Preston BD (1986): Mutagenesis by apurinici 
apyrimidinic sites. Annu Rev Genet 20:201-230. 

Lord KA, Abdollahi A, Hoffman-Lieberman B, Lieberman 
DA (1993): Proto-oncogenes of the fos/jun family of tran- 
scription factors are positive regulators of myeloid differ- 
entiation. Mol Cell Biol 13:841-851. 

Maher LJ 111, Wold B, Dervan PB (1989): Inhibition of DNA 
binding proteins by oligonucleotide-directed triple helix 
formation. Science 245: 725-730. 

Maher LJ 111 (1992): DNA triple-helix formation: An ap- 
proach to artificial gene repressors? BioEssays 14:807. 

McShan WM, Rossen RD, Laughter AH, Trial J, Kessler DJ, 
Zendegui JG, Hogan ME, Orson FM (1992): Inhibition of 
transcription of HIV-1 in infected human cells by oligode- 
oxynucleotides designed to form DNA triple helices. J Biol 
Chem 267:5712-5721. 

Muller R, Mumberg D, Lucibello FC (1993): Signals and 
genes in the control of cell-cycle progression. Biochim 
Biophys Acta 1155:151-179. 

Nevins JR (1992): E2F: A link between the Rb tumor sup- 
pressor protein and viral oncoproteins. Science 258:424- 
429. 



Oligonucleotides Regulate c-fos Promoter Activity 309 

Noonberg SB, Scott GK, Garovoy MR, Benz CC, Hunt CA 
(1994): In vivo generation of highly abundant sequence- 
specific oligonucleotides for antisense and triplex regula- 
tion. Nucleic Acids Res 22:2830-2836. 

Prywes R, Fisch T, Roeder RG (1988): Transcriptional regu- 
lation of c-fos. Cold Spring Harbor Symp Quant Biol 

Radhakrishnan I, Pate1 DJ (1994): DNA triplexes: Solution 
structures, hydration sites, energetics, interactions, and 
function. Biochemistry 33: 11405-11416. 

Robbins PD, Horowitz JM, Mulligan RC (1990): Negative 

53~739-748. 

regulation of human c-fos expression by the retinoblas- 
toma gene product. Nature 346:668-671. 

Suzuki T, Ohsumi S, Makino K (1994): Mechanistic studies 
on depurination and apurinic site chain breakage in oligo- 
deoxyribonucleotides. Nucleic Acids Res 22:4997-5003. 

Treisman R (1985): Transient accumulation of c-fos RNA 
following serum stimulation requires a conserved 5' ele- 
ment and c-fos 3' sequences. Cell 42:889-902. 

Yagaloff KA, Xie F (1995): Induction of c-fos in mouse bone 
marrow macrophages: A direct method for assessing bone 
marrow cell activation. Biochem Biophys Res Commun 
2 11: 767-773. 




