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ABSTRACT

Phosphorothioate oligodeoxynucleotides comple-
mentary to the p65 (Rel A) subunit of the NF- kB nuclear
transcriptional regulatory factor have been suggested
to be sequence specific blockers of cellular adhesion.
We studied the effects of Rel A antisense, Rel A sense
and other phosphorothioate oligodeoxynucleotides
on cellular adhesion and found that blockade of
adhesion was predominately non-sequence specific.
Phosphorothioate oligodeoxynucleotides bind to the
extracellular matrix (ECM) of NIH 3T3 cells, and to the
ECM elements laminin and fibronectin. By use of a gel
mobility shift assay, the association of the A subunit of
laminin with a probe 12mer phosphodiester oligo-
deoxynucleotide could be demonstrated. This interac-
tion was described by a single-site binding equation
(Kq = 14 pM). Human Rel A antisense and sense
oligodeoxynucleotides, and two synthetic persulfated
heparin analogs were excellent competitors of the
binding of the probe oligodeoxynucleotide to laminin.
Taken together, these data indicate that oligodeoxynu-
cleotide binding occurred at or near the heparin-bind-
ing site. Competition for 5 ' 32P-SdT18 (an 18mer
phosphorothioate homopolymer of thymidine) binding
to fibronectin with the discrete heparin analogs, as well
as with SdC »,g, was also observed. Phosphorothioate
oligodeoxynucleotides (Rel A antisense >> Rel A
sense) inhibited the binding of laminin to bovine brain
sulfatide, but not to its cell surface receptors on MCF-7
cells. By flow cytometric analysis we have also shown,
in contrast to what was observed with laminin, that
phosphorothioates non-specifically block the specific
binding of fluoresceinated fibronectin to its cell sur-
face receptors on phorbol-12,13-myristate acetate-
treated Jurkat cells. Blockade of specific binding
occurred in the oligodeoxynucleotide treated cells in
the presence or absence of oligomer in the media.

INTRODUCTION

The process of cellular adhesion plays a critical role in tumor
metastasis and cell growth. In a series of recent studies, the
nuclear transcriptional regulatory factor complex ®B--has

been implicated as a major element that regulates the process of
homotypic aggregation. For example, several cell surface species,
such as ELAM-11), ICAM-1 and VCAM @), appear to play an
important role in the adhesive response that cells manifest after
contacting plastic substrata in culture; these molecules all contain
NF-kB binding sites in their promoter regions. It has also recently
been shown that 18—24mer phosphorothioate oligodeoxynucleo-
tides targeted to the p65 subunit of the ¥B-Auclear transcrip-
tional regulatory factor (Rel A antisense) may have profound
effects upon cellular adhesion to plastic substrata [heterotypic
aggregation; 3)]. In addition, stable expression of inducible
antisense RNA to p65 also caused inhibition of cell adhe$ion (
These observations were attributed to sequence specific down
regulation of the expression of MB-activity in the cell nucleus.

In our efforts to demonstrate the sequence specificity of the
antisense p65 mediated block of cellular adhesion, we syn-
thesized several control phosphorothioate oligodeoxynucleotides
of the same chain length as antisense P63 iese controls were
synthesized because we have previously discovered that more
controls (e.g. reverse polarity of the antisense sequence,
scrambled sequences) that are synthesized for any given antisens
experiment, the more convincingly true antisense efficacy may be
demonstrated. Indeed, the synthesis of additional control se-
guences is virtually obligatory due to the non-sequence specific
effects manifested by phosphorothioate oligodeoxynucleotides
(6). For example, it has been recently shown that phosphoro-
thioate oligodeoxynucleotides bind in a non-sequence specific
manner to basic fibroblast growth factor and to other members of
the basic fibroblast growth factor (FGF) fami#;(to recombi-
nant soluble CD43); to gp120 9), and to several protein kinase
C isoforms {0).

We found that some of the control phosphorothioate oligo-
deoxynucleotides had almost the same effect on heterotypic
aggregation as the p65 antisense oligo. These data strongly
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suggest that the block of cellular adhesion to plastic substrateubate at 37C for 5 min. The supernatant was removed, and the
might be due to multiple non-sequence specific mechanisms,plates washed three times with cold PBS. NaOH (10 N) was then
addition to the sequence-specific mechanism. We determined thdtled to solubilize the ECM, and bound oligodeoxynucleotide
the non-sequence specific mechanisms involve, at least in paantitated bf3-counting. Protein content of each ECM-coated well
the ability of phosphorothioate oligodeoxynucleotides to bind tvas quantified by use of the Bradford reagent. As a control, six-well
elements of extracellular matrix (ECM), including laminin, andplates were treated identically in the absence of ECM. To eliminate
to block the binding of laminin to bovine brain sulfatidethe possibility of enzymatic cleavage of the$3-label from the
(galactosylceramideYsulfate). Furthermore, phosphorothioatephosphorothioate oligodeoxynucleotide, solubilized ECM was sub-
oligodeoxynucleotides, in a non-sequence specific manner, geeted to electrophoresis on a 7 M urea—20% polyacrylamide gel. No
also capable of blocking the binding of fibronectin to its celfree32P was observed.

surface receptor in phorbol-12,13-myristate acetate (PMA)

treated Jurkat cells. Based on these data, we suggest that the biigKiing of fibronectin to phosphorothioate

of cellular adhesion by Rel A antisense oligodeoxynucleotide {gligodeoxynucleotides

pleotropic in nature, and potentially augmented by non-sequence ) _ 3 .
specific effects. This was accomplished by a electrophoretic mobility shift assay

in native 6% polyacrylamide gels. Fibronectinu{@) in 10 pl

0.1 M Tris—HCI, pH 7.4 was treated with the stated concentra-

MATERIALS AND METHODS tions of phosphorothioate oligodeoxynucleotide for 1 h &€37

Cells To this was added 100.625 M Tris—HCI, pH 6.8, 30% glycerol
and 0.2% bromophenol blue. In some experiments, 2-mercapto-

Al cells were obtained from American Type Culture Collectiorethanol (1%) was also added to reduce the fibronedin=(

(12301 Parklawn Drive, Rockville, MD 20852). NIH 3T3 and440 kDa) to its twd/, = 220 kDa subunits. After electrophoresis,

K-Balb cells were grown and maintained in Dulbecco’s modifiethe gel was dried, and allowed to expose Kodak X-ray film at

Eagle’s medium (D-MEM) (Gibco-BRL, Grand Island, NY), —70°C. The data were quantitated by excision of the gel bands

containing 10% (v/v) calf serum (Gibco-BRL, Grand Island, NY)andB-counting.

and 50ug/ml gentamicin sulfate. DU-145, Jurkat and MCF-7

cells were grown and maintained in RPMI 1640 mediunsynthesis of alkylating, radioactive phosphodiester

(Gibco-BRL, Grand Island, NY), containing 5% (v/v) fetal calfoligodeoxynucleotide 5N-methyl-N-(2-chloroethyl)amino-

serum (FCS) (Gibco-BRL, Grand Island, NY), 100 U/mlpenzylamine32P-OdT18 or -OdT12 (RCINH32P-OdT180r

penicillin G sodium and 1Q@g/ml streptomycin sulfate. RCINH32P-0dT12)

. . . These compounds were synthesized by a modification of the
Synthesis of oligodeoxynucleotides method of Knorret al (15). N-methylN-(2-chloroethyl)amino-

All oligonucleotides were synthesized by standard phosphoranj€nzylamine was coupled to tHerminal>?P by reaction with
dite chemistry and purified as described by Tonkinson and Stéﬁlphenylphosphlne/dlpyrldyl disulfide. The final product was
(11). Concentrations were determined by spectroscopy. Whé&iPred at —7tC.

used in native gels (no SDS preserit$2B-labeled phosphoro-

thioate oligodeoxynucleotides were synthesized using T4 poljodification of laminin by CIRNH 32P-OdT18 or

nucleotide kinase by the method of Sambretoil (12). CIRNH32P-OdT12
This was done by the method of Yakulebal (8). The laminin
Adhesion assays concentration was 0.2BM. In some experiments, a putative

i N competitor (e.g. phosphorothioate oligodeoxynucleotide) of the
Transformed cell lines were evaluated for their ability to adherlﬁnding of the modifying oligomer to laminin was also added, as
to plastic substrata as previously describéli (n some ingicated in the figure legends. We also used persulfated discrete,
experiments, individual wells in a 96-well plate were pre-coateg nthetic heparin mimetics as competitors, which were kindly
at room temperature for 3 h with continuous agitation with eithg{ynated by R. Tressler (Glycomed, Inc., Alameda, CA). 1306 is
fibronection (40ug/ml in _PB_S; Gibco-BRL, Buffalo, NY) or 4 nersulfated maltotetraose containing 14 sulfates/mol; 1474 is a
laminin (80pg/ml in PBS; Sigma). The protein solutions weresargyifated maltoheptaose containing 23 sulfates/mol. After
then removed by vacuum aspiration. The number of viable Ce'%DS—PAGE (6% acrylamide) the gels were dried and allowed to
both adherent and non-adherent, was evaluated by thghose Kodak X-ray film until bands were visualized. Band

3-(4,5-dimethylthiasol-2-yl)-2,5-diphenyl tetrazolium bromidegensities were quantitated by laser scanning densitometry.
(MTT) assay by the method of Maltese al (13). Where

indicated, nuclear extracts were prepared from cells and WELE ing of laminin to sulfatide
analyzed for NFB and Sp1l activity by gel shift ass&y). 9

Inhibition of the binding oBH-laminin (Amersham) to bovine
Binding of oligodeoxynucleotides to extracellular matrix brain sulfatide by phosphorothioate oligodeoxynucleotides was

evaluated in triplicate wells by the method of Zabrenettla}
Six-well plates coated by the ECM of NIH 3T3 cells were produce(l6). The carrier lipids were cholesterol and phosphatidylcholine;
by the method of Haimovitz-Friedmaral (14), and stored at*€.  oligodeoxynucleotide binding to these lipids in the absence of
Then, 0.5 ml PBS and 1QM of the stated '532%P-labeled sulfatide was subtracted from the total to give the specific laminin
phosphorothioate oligodeoxynucleotide were added and alloweddimding.
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Inhibition of binding of 3H-laminin to cell surface of Bl A wase  Rel & aslsase
K-Balb cells

K-Balb cells (4 x 16) were seeded into triplicate wells in 96-well

plates and incubated until adherent and spread. Phosphorothic k. gain
oligodeoxynucleotides (20M) were then added af@ for 15

min. The media was removed and replaced with PBS + 0.25'

BSA + 500uM CaCb. After 0.5 h, the cells were washed with

PBS + 50uM CaCh and theéH-laminin (14.6 nM, 2.5 mCi/ml; i
DuPont, Boston, MA) added. After 1 h &tCGlthe wells were  +Lamisi
washed three times with cold PBS. Bound c.p.m. were dete
mined byB-counting. Specificity of binding was established by
addition of 50-fold excess of unlabeled laminin (Gibco), and wa
>60-70% of the total binding. The standard deviation amon yyey.7
triplicate wells was <15%.

Synthesis of fluoresceinated fibronectin

A solution of fibronectin (1 ml, 0.3 mg/ml) in 2100 mM $&03, ek i iiin ]
pH 9.5, was placed in a plastic tube and 1 mg fluorescei
isothiocyanate (dissolved in 10 dimethyl sulfoxide) added to

it. The mixture was kept af€ for 16 h, and then dialyzed (m.w.
cutoff 3500 Da) first against &3°BS for 24 h, and then against
0.1 mM Tris—HCI, pH 7.4 for 24 h. The volume was reduced an o
the sample passed through Sephadex G-25 pre-equilibrated
0.01 mM Tris—HCI, pH 7.4. The fluoresceinated fibronectin rar
as a single band with the correct migration rate as assessed by
polyacrylamide gel electrophoresis. et

W EE]

af & Fibi

Flow cytometric analysis of fluorescent fibronectin
binding to Jurkat cells

Jurkat cells (5 1 cells/ml) in complete media were incubated _. . . . _
ith bhorbol-12 . for 24 h Figure 1. Phosphorothioate oligodeoxynucleotides block cellular adhesion to

at 37C with phorbol-12,13-myristate acetate (5 nM) or 24 - plastic substrata. 2-2:510* cells per well were trypsinized and incubated at
Ther_1, the cells were was_hed, anél d@lls per 20Qul serum free  37°C with the stated phosphorothioate oligodeoxynucleotides (sense and
media were plated af@ in 96-well plates. The cells were then antisense Rel A, #2, [1M]) for 20 h, then photographed. For the K-Balb
incubated for 15 min with ﬁg/ml fluorescein fibronectin (F—Fn) murine fibroblasts, murine sense and antisense Rel A oligomers were used (see

. . . . ' Table 1). For the MCF-7 and DU145 cells, human sense and antisense Rel A
In so_me eXpe”r_nentS’ pl_Jta'F'Ve phosphorothlqate OIIgOdeoxyr_] ligomers were used. Treated cells which were plated in wells pre-coated with
cleotide competitors of binding were added simultaneously withither fibronectin or laminin as described in the text are also shown. They
F-Fn at the concentrations stated in the figure legends. In othaspear microscopically identical to each other, and are also identical to control
experiments, the phosphorothioate oligodeoxynucleotides weitells (no added oligodeoxynucleotide; data not shown).
added at the stated concentrations to the cells for 15 i the

cells were then washed twice in cold PBS, resuspended in c@igy ,nm efficiently blocked adhesi d ding of K-Balb
serum-free media, and incubated witlghnl F-Fn. Subsequently, %CEJD;MICSB_){%OEJS gn sg;)?gtr?)r/ller?g rggtg;? %tuwa ’

cells were washed twice with PBS/BSA and resuspended i 3004 centration, however, control oligomers, including SdT18,

PBS/BSA containing 0.8g/ml propidium iodide (PI). Relative gyc1g and rat antisense c-myb oligodeoxynucleotide (which
fluorescence intensities were determined on a Becton-Dickins@Pa Rel A antisense contains a G-quartet) did not block adhesion
FACStar Plus dual-laser flow cytometer using DESK software, ag, spreading. The non-adherent cells remaiB@e viable, as
previously describedL(). The mean fluorescence intensity for &;,qqed by the MTT assay. However, when the polyethylene plates
population of 10 000 cells was determined. Specific binding Wagare pre-coated with fibronectin (4@y/ml) or laminin (80
assessed by competition of F-Fn binding with the peptapeptidle,m) but not collagen IV or vitronectin (data not shown), the
G-R-G-D-S (0.5 mg/ml). Using this techniqu&0—70% of the 5 adhesive effects of the Rel A sense, antisense and all other
total F-Fn binding to the cell surface of phorbo"l.z'13'myr'.statﬁhosphorothioate oligodeoxynucleotides were virtually entirely
acetate (PMA)-induced Jurkat cells was reproducibly specific. ojiminated. Representative experiments are shown in Flgure

Interestingly, when commercially available (Collaborative Bio-
RESULTS medical Products, Bedford, MA) fibronectin-coated plates were
used, the oligodeoxynucleotide-mediated block of adhesion was
also completely abrogated, except for thatinduced in K-Balb cells
by the mouse Rel A antisense oligomer. Here, the anti-adhesive
We have focused our studies primarily on the Rel A sense anlaracter of the antisense Rel A was similar to that obtained with
antisense phosphorothioate oligodeoxynucleotides. These (RelAcoated dishes. However, the concentration of fibronectin used
antisense; Rel A sense; oligomer #2; see sequences i, Talble to coat these surfaces is unknown.

Elimination of anti-adhesive effects of phosphorothioate
oligodeoxynucleotides by laminin and fibronectin
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Table 1.Sequences of phosphorothioate oligodeoxynucleotides

Sequence Comments ICs0 (UM)2
Rel A antisense'856GG GAA CAG TTC GTC CAT GGC-3 human, dG =4 0.1

Rel A sense '5GCC ATG GAC GAA CTG TTC CCC-3 human 4
5'-CCG GGG TCT CCC GGC CAT-Fcodons 1-6) rat antisense c-myb N/D
#1 3-GGG GCC TCT CCG GGC CAT-3 dG =4 0.12
#2 3-GGG GGG GCT CCG GGC CAT-3 aGc =7 0.01
#3 8-GGG GGG GGG CCG GGC CAT-3 dG =9 0.01
Rel A antisense '85AG GGG AAA CAG ATC GTC CAT GGT-3 mouse; dG = 4 N/D
Rel A sense 'BACC ATG GAC GAT CTG TTT CCC CTC-3 mouse N/D
#4 3-GAT GGG AAA CAG ATC GTC CAT GGT-3 dG =3 0.2

#5 8-GAG TGG AAA CAG ATC GTC CAT GGT-3 — N/D

#6 5-GAG GTG AAA CAG ATC GTC CAT GGT-3 — 0.52
#7 5-GAT TTT AAA CAG ATC GTC CAT GGT-3 - 1

#8 5-GAG GGG AAA CAG GGG GGG GGG GGG-3 dG =4,dG =12 N/D

aBlockade of binding of laminin to sulfatide. See Figure 4.

An antisense oligodeoxynucleotide targeted to Rel A caused
inhibition of nuclear NFB activity in a dose dependent manner,
in agreement with earlier observations. This diminution directly
correlated with inhibition of the Sp1 transcription faci®;17).
Inhibition of nuclear localization of both transcription factors by
the Rel A antisense oligomer was independent of whether the
K-Balb cells treated were adherent or non-adherent (not shown).

Binding of phosphorothioate oligodeoxynucleotides to
extracellular matrix (ECM) and to ECM elements

As shown in Figur®, phosphorothioate oligodeoxynucleotides
bind to the ECM of NIH 3T3 cells. The binding was non-
sequence specific, and concentration dependent for the human
Rel A antisense and Rel A sense constructs. Control binding of
the B 32P-labeled phosphorothioate oligodeoxynucleotides to
wells not containing ECM was <5% of the binding to the wells
in the presence of ECM.

The ECM consists of perhap; 6_15 many as 100 Qifferent pro’[(:"inlzsigure 2. Adsorption of oligodeoxynucleotides by the extracellular matrix of
The_f_ac_t that two OT these'_lammm and fibronectin, Were Cap_ablﬁlH 3T3 cells. The extracellular matrix of NIH 3T3 cells was prepared in tissue
of vitiating the anti-adhesive effect of phosphorothioate oligo-uyiture plates as described in the text. ECM was treated with the sequences and
deoxynucleotides, as shown above, suggested that the oligomesscentrations of phosphorothioate oligodeoxynucleotides, as designated.
might interact with one or both of these proteins. In addition, botkontrol tissue culture plates lacked ECM. Plotted is mean value (from duplicate
laminin and fibronectin are heparin-binding proteins, and weXPeriments; 15% difference between the duplicates) of adsorption of
have previously demonstrated that phosphorothioates bind avicﬁ)!&godeoxynuclgotlde (ipng/oligomer/mg protein) versus oligodeoxynucleo-

e concentration.
to many heparin-binding proteing)(

Thus, we initially studied the binding of tiféP-labeled, o ) .
alkylating oligodeoxynucleotides CIRNPP-OdT12 and electrophoresis in a 6% SDS—polyacrylamide gel, a single band
-OdT18 to laminin. (CIRNFRP-OdT12 is a dodecathymidylate Was observed on the exposed X-ray film (see3yigrhis band
phosphodiester oligodeoxynucleotide derivative with an alkylgcorresponded to the product of chemical modification of the
tor moiety (below) coupled to the Badioactive phosphate Protein by the alkylating group covalently linked to the oligomer,

through a phosphoramide bond.) as described above. This alkylation, as described previ@sly (
occurs subsequent to oligonucleotide binding to the protein.
CHy Laminin (M, = 850 kDa) is composed of three subunits; the A
NH; Ciy N (or a1) subunit has!, = 400 kDa. The others, B1 and B2, have
iy CHy €1 M, = 215 and 205 kDa, respectivelys]. In order to determine

which subunit was being modified by the probe alkylating
When these were co-incubated in 0.1 M Tris—HCI (pH 7.4) in theligodeoxynucleotide, we dissociated the subunits by disulfide
absence of G4, and the reaction products then subjected tbond cleavage using 2-mercaptoethanol and boiling. In the
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10 CIRNH32P-OdT18. Saturation binding was also observed and the
12 . appareny was 8uM.
e o et In order to demonstrate that the binding of the modifying
m :l i oligodeoxynucleotide to laminin was a function of the oligo-

deoxynucleotide, and not of the alkylator, we performed a series of
! experiments using other polyanions as competitors of probe
6 binding. All polyanionic oligomers tested, including Rel A
1 antisense and Rel A sense and the control oligomers SdT18 and
. ¥ OdT18, were concentration-dependent competitors of the binding
o S-SR -t e of CIRNH32P-OdT12 [8uM] to the A subunit of laminin. Similar
I AT ] b data were obtained for competiton of binding of
CIRNH32P-OdT18 to laminin. Furthermore, suramin, a compound
known to bind to lamininl(6), as well as a sulfonated distamycin
derivative (9), were also competitors of the binding of the
modifying oligodeoxynucleotides to the A subunit of laminin.

We have, in greater detail, examined the ability of the human
Rel A antisense and Rel A sense oligomers to competitively
inhibit binding of the modifying oligodeoxynucleotide to the A
subunit of laminin. The value K for a competitor of the binding
of the modifying oligodeoxynucleotide was calculated from
equation1 (20): we have previously used this method to
0.1 determine the values df; for competitors of modifying
o oligodeoxynucleotide binding to rsCE#) &nd to basic fibroblast
0 1.1 0.2 growth factor (bFGF)7).

LARCIZZFHE-OATLI], 15uM

Ridlativie Eeenad Ianensloy x 10060
o

L

Ko lakhvn Basad Btensicy & 10-4
=
':h 1 L

K¢ = IC50/(1+[CIRNH32P-OdT12]Ky) 1

Figure 3.(Top left) Modification of the 400 kDa (A) subunit of laminin by the

alkylating oligodeoxynucleotide, CIRNEP-OdT12. Laminin (0.2fM) was . . .
incubated in 0.1 M Tris-HCl (pH 7.5) with CIRNEP-OdT12 at the The Rel A sense oligodeoxynucleotide is an excellent competi-

concentrations given below for 1 h aP&7 The mixture was then treated with  tor of the binding of the modifying oligodeoxynucleotide binding
2-mercaptoethanol, boiled and subjected to 6% polyacrylamide gel electroto laminin. The value oK., as determined by equatidn is
phoresis. The concentration of CIRRER-OdT12 was as follows (lanes 1-13, (.8 UM. The values oK. for other polyanionic competitors,

respectively): 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 8.0, 10, 20, 22.5, 25, 27.5akd 30 ; ; ; : ; ;
Unreacted oligomer ran off the bottom of the gel and is not shown. Some datgletermmed in an identical manner, are given in Table

points plotted below are not shown in this figure due to artifacts in the process 1€ heparin binding .Site on |aminin_ is located on the E3
of photographically transferring the data from X-ray film to priffsp ¢ight) fragment of the A subunif (). We determined that two discrete,
Concentration dependence of modification of the A subunit of laminin by synthetic, persulfated heparin mimetics, denoted 1474 (m.w.

differing concentrations of CIRN#4P-OdT12. The gel bands in Figure 4, top 3500) and 1306 (m.w. 2095) were also excellent competitors of
left, were quantitated by laser scanning densitometry. Shown is a plot of relativ,

band intensity versus reactive oligodeoxynucleotide concentration (micromof‘ne binding of the alkylating probe oligo to the A subunit of
lar). Bottom) Double-reciprocal plot of the data in the top right panel. The |am||j1|n_ (See_bOttom of Fi§). ThIS suggested that blndln.g of t_he
value of appareritq (-1/x intercept) = 144M. The four lowest concentration ~ modifying oligodeoxynucleotide (and by inference, of its oligo-

_points in Eigure 4 (top right) have been deleted from this analysis because Qieoxynucleotide competitors of binding), occurs at or near the
inappropriate data weighting. heparin binding site.

concentration range tested, binding of the modifying oligo-
deoxynucleotide to laminin occurred on theMy € 400 kDa)  Table 2Values ofK for competition of binding of CIRNPP-OdT12 to the
subunit, as judged by an electrophoretic gel mobility shift assatysubunit of laminin. Probe = CIRN¥P-OdT12 (8uM); K¢ = 14pM
Binding to the other, low molecular weight subunits appeared to
be minimal or absent (not shown).

We examined the concentration dependence of the modifiCasompetitor Ke (from equatiort) (M)
tion of the A subunit of laminin by CIRN¥P-OdT12 (Fig3,

left) . These results are also depicted in Figytep right, where ~ Human Rel Asense 08
the concentration of modifying oligodeoxynucleotide is plottedHuman Rel A antisense 12
as a function of gel band intensity. The association of the Aq 4.4

subunit of laminin with the modifying oligodeoxynucleotide

exhibits approximate saturation binding, and can be described 63)? 18 10
a single-site binding equation of the Michaelis—-Menton type ©dT18 113
Figure3 (bottom) depicts the double-reciprocal replot of the datasuramin 9.8

in Figure3 (top right). These data are linea#r0.97), and the
line intersects the abscissa corresponding to an apfanaitie o
of 14 pM. A similar experiment was performed with (Ciomeietal, 1994)

Sulfonated distamycin A derivative 41
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3 ° I 2 fibronectin (5uM) as described in the text (6% PAGE). The concentration of
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£ 3 - 2 2 UM. (Bottom) Competition by 1306 (left) and 1474 (right) for binding of
L . - 5'CIRNH32P-OdT12 to laminin. 1306 was used as a competitdrditydating
2 oligodeoxynucleotide (M) binding to laminin (0.2%M) as described in the
e Rel A gense text (6% PAGE). Binding occurs on the A subunit of laminin. The concentration

of 1306 and 1474 were (lanes 1-3 respectively) 0, 25 apt150

Figure 4. Inhibition of binding oBH-laminin to sulfatide by human Rel A sense
(top) and human Rel A antisensboftom). Inhibition of the binding of

H Iammm_to bovine brain §ulfat|de by Rel A sense _(top) and Rel A antl_sens_esequenCe effect on the inhibition of blnd|ng3bf-lam|n|n to
(bottom) oligodeoxynucleotides as evaluated in triplicate wells as described i

the text. Oligodeoxynucleotide binding to these lipids in the absence ofsulfatidgu”at'_de’ we exam'”ed th(_% abll_'ty of ml.Jtat,ed versmn; _Of the Rel

was subtracted from the total to give the specific laminin binding. Plotted aré® antisense oligomer to inhibit the binding Bi-laminin to

the mean experimental valuestandard deviations. sulfatide. These mutations (see Tafe were designed to
interrupt the G-quartet motif: in the case of #7, the mutated
version contains four contiguous thymidine, as opposed to
guanosine, residues. As is shown in Tabléespite the fact that

Phosphorothioate oligodeoxynucleotides inhibit the
binding of laminin to sulfatide but not to its cell surface
receptors on MCF-7 cells

oligomers #4, #6 and #7 are three residues longer than Rel A
antisense, none are as capable at blocking the binding of
3H-laminin to sulfatide. Indeed for #7, in which the entire

G-quartet is replaced with four contiguous thymidine residues,
We next evaluated the ability of the human Rel A antisense attte 1Ggis >1uM.
Rel A sense oligodeoxynucleotides to inhibit the binding of We also examined a series of phosphorothioate 18mer oligo-
3H-laminin to one of its ligands, bovine brain galactodyl-l deoxynucleotides which were mutated versions of the rat
ceramide sulfate (sulfatide). For the Rel A antisense oligomer, thatisense c-myb construct (codons 1-6). These data (oligomers
value of IGowas[D.1uM. In contrast, the value of §gfor the  #1, #2, #3; see Tabl§ demonstrate that ordering of the values
Rel A sense oligomer, under identical conditions, wagtM1 of IC5odepends on the number of contiguous guanosines. The
(Fig. 4). As a control [not shown;16)], we demonstrated that value of 1Gg declines in the order #3 (9dG) < #2 (7dG) < #1
suramin could also inhibit the binding3®{f-laminin to sulfatide  (4dG); for the #3 (9dG) oligomer, the value 0@ 0.01uM.
(IC50 ILOOUM). As can be seen in Taklethe sequence of the This is in contrast to a control of the same length, SdT18, where
Rel A antisense oligomer contains four contiguous deoxyguani&sg = 25uM. These data correlate well with data obtained in the
sine (dG) residues, a motif which has been associated wilhesion assay, as SAT18|l®4] is also a very poor inhibitor of
increased avidity for protei?,2). In order to further probe this cellular adhesion to plastic plates. On the other hand, the
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oligomers with more than four contiguous guanosines are inhibition of Fibranectin Binding to Cell Surface

excellent inhibitors of adhesion (>90% at [IM]). Recaptors In Unwashed Jurkat Calls: el A sense
Phosphorothioate oligodeoxynucleotides (M) did not, in

the presence of 5QIM Ca2* in PBS + 0.25% BSA, inhibit the 100+

specific binding offH-laminin to its cell surface receptors on 90

80 -
Fa4
0 4

K-Balb cells. In fact, when 2QM of either Rel A antisense,
SdC28 or oligomer #2 were incubated with these cells’tdnd
laminin for 1 h (4C), an average doubling of speciit-laminin

Percent Fluarescence
&
1

binding to the cell surface was observed (data not shown). This 40+
increase in binding was not observed, however with either the Rel 30+
A sense oligomer, or with the rat antisense c-myb phosphoro- fz: %:
thioate oligodeoxynucleotide (see Table 0] 171 ! |
o 1 5 H] g 20 GRGDS
0.5mg/
Interaction of fibronectin with oligodeoxynucleotides m

[Ae A& zanse], uM

Fibronectin contains two heparin binding sites per polypeptide

chain and two chains per moleculg)( Initially, we attempted Inhibitlon of Fibronectin Binding to Cell Surface
to study the binding of the probe, alkylating oligodeoxynucleo- Raceptors in Washed Jurkat Cells: Rel A sanse
tides CIRNH2P-OdT12 and -OdT18 to fibronectin by the

methods described for laminin. However, the affinity of fibronec- 100

tin for the alkylating substituent was sufficiently lowy(> %0

35 uM) so that alkylation of the protein occurring preferentially
to oligodeoxynucleotide binding. This was demonstrated, in
contrast to what was seen with laminin, by relative lack of

Percent Fluorescance
3
1

competition of modifying oligomer binding by polyanionic 40
competitors. Thus, we employed®2P-labeled phosphorothioate 30+
oligodeoxynucleotide probes without alkylating activity, and fg: TPAIU ]
evaluated their binding to fibronectin in native gels. o

32p_SdT18 interacts withiBM fibronectin in 0.1 M Tris—HCI, o 1 25 § 10 20 GRGDS
pH 7.4 (data not shown). In contrast to what was observed with pitd
laminin, this binding is complex and not saturable at the highest [Rel A sense], uM

concentrations employed, and is not describable by a single-site

o . T o
binding formulation. The binding is independent onMg/ln Figure 6. Inhibition of fluorescein isothiocyanate-conjugated fibronectin

a.nd C§+.[Up to 1(_) mM; 23)] Interestingly, dissociation of the  pinding to the cell surface of washéapi) and unwashedéttom) Jurkat cells.
fibronectin subunits by addition of 2-mercaptoethanol before gelurkat cells were treated with fluorescent fibronectin as described in the text,

electrophoresis led to an increased number of counts bound &gd analyzed by flow cytometry. Shown is a plot of relative fluorescence (no
fibronectin. This occurred without a change in the shape of th@lded Rel A sense oligomer = 100%) versus concentration of the Rel A sense
- igomer. Experiments were conducted in triplicate, and data bars represent
complex binding curve. .The,se data.SUQQest that perhaps ON€lan values standard deviation. Specificity of binding was demonstrated by
more of the heparin binding sites on fibronectin is cryptic, and thahe specific competitor of fibronectin binding, the pentapeptide GRGDS at the
it may be exposed after disulfide bond cleavage by thetated concentration.
mercaptoethanol. Competition for probe binding to fibronectin
was also observed with the discrete heparin mimetics 1454 (IC
= 1.1uM; [5'-32P-SdT18] = 3uM; [fibronectin] = 5uM) and  which is thea5p1 integrin, is upregulate@4). In the wild-type
1306 (IGo = 6.2uM; Fig. 5, middle). These data suggest thatjurkat cells used in these experiments, treatment with phorbol
here, too, binding of the probe phosphorothioate oligodeox¥ster under the identical conditions also dramatically increased
nucleotide occurs at or near the heparin-binding site. ~ the binding of F-Fn to the cell surface as compared to untreated
SdC28 (Fig5, top) is an excellent competitor for the bindingcells. Thus, all experiments examining binding of F-Fn to the cell
(PH 7.4) of the probe 52P-SdC18 (§M) to fibronectin (UM);  surface of Jurkat cells were performed after phorbol ester
the 1G5pis 7M. As we observed with laminin, the binding of induction. In each case, specificity of the binding of F-Fn was
oligomer to protein are most easily visible when 2-mercaptoethgemonstrated by competition by the pentapeptide G-R-G-D-S.
nol is included in the loading buffer. Shorter competitor oligos shown in Figur, the 1G of inhibition of binding of F-Fn
than SdC28 have values oft{that are correspondingly higher. by SdC19 wasP—5uM. When either the Rel A sense or antisense
For example, when SdT18 '{¥P-SAC18 probe) was the constructs were used as competitors of F-Fn binding, the value of

competitor, the 16p of competition is 39.6M. IC50 was <1uM. However, neither these oligodeoxynucleotide,
nor SAC28 (1@M) could inhibit the binding of §1-specific

Phosphorothioate oligodeoxynucleotides block the mAD (Becton Dickinson) to the induced Jurkat cells.

binding of fluoresceinated fibronectin to its cell surface We then treated Jurkat cells for 15 min with Rel A sense and

receptors on phorbol-ester induced Jurkat T-cells antisense phosphorothioate oligodeoxynucleotides at the stated

concentrations (Fig), and then pelleted and washed the cells at
When Jurkat-T cells are stimulated with phorbol-12,13-myristat4°C twice with PBS. This reduced the phosphorothioate oligo-
acetate (5 nM, 24 h) the cell surface receptor for fibronectimleoxynucleotide concentration in the media to a negligible
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amount. Despite this, pre-treatment of the Jurkat cells with tlgriadruple helice®@,29; Khaled,Z. and Stein,C.A. unpublished
phosphorothioate oligodeoxynucleotides was sufficient to bloakbservations). However, the ability of quadruple helical phospho-
the binding of F-Fn to its cell surface receptors. However, th®thioate oligodeoxynucleotides to interact with proteins has not
blockade was not as complete relative to what was observed wlithen extensively studied. An exception this has been recent work
the unpretreated cells. Similar results were observed for tioa the augmented ability of S-g3,4T> [relative to S-d(GTy to
phosphorothioate oligodeoxynucleotide #2. bind to the v3 loop of gp12@%). The interaction of other dG-rich
oligonucleotides with gp120 has also been exam@dl). At

this time, however, it does not appear possible to predict, based
on sequence considerations alone, which dG-rich phosphoro-

It has recently been showB,14) that non-sequence specific thioate oligomers will form quadruple helices. _
phosphorothioate oligodeoxynucleotides can block cellular ad-©ligodeoxynucleotide binding occurs on thesA ) subunit of
hesion to plastic substrata in a variety of neoplastic cell lines. THENININ. This binding, based on competition by the discrete
presence of the G-quartet motif was felt to be necessary, but §¥fthetic heparin mimetics 1306 and 1472, thus appears to occur
sufficient, for blockade of adhesion. However, in shorteft Or near the heparin-binding site. We have recently demon-
sequences (e.g. 12mer; [@B1]), the presence of the G-quartet strateq 1,8,10) the extensive S|m|Iar|t|es in protein b|nd|n_g
did not produce an anti-adhesive effect. Similar length-dependdighavior between both phosphodiester and phosphorothioate
effects were observed by Lallier and Bronner-Fraz8r who oligodeoxynucleotides and heparin. This finding is not altogether
examined the inhibition of attachment of quail neural crest cell§expected in light of the fact that these molecules are
to fibronectin and laminin substrata in the presence of phosphof§Presentatives of classes of molecule, i.e. DNA and glycosami-
thioate oligomers. Watsoet al (26) also noted inhibition of Noglycans, respectively, which are polyanidfsthe binding of
attachment of MCF-7 cells to plastic substrata in the presencet@@ Phosphorothioate oligomers to protein, as opposed to
an anti-c-myc (G-quartet motif-containing) phosphorothioat@hOSphOd'eStefS, is more readily observed because the values o
oligomer. Similar to what we and Chavatyal (27) observed, Kd for the phosphorothioates tend to be one to three orders of
adhesion was not blocked on either laminin or fibronectin coaté@agnitude lower than for the phosphodiesters of identical
plates. In addition, it has recently been sho@ritat the ECM ~ Sequence and length)( _ _ _
from a feeder layer of 3T3 fibroblasts will also abrogate the The consequence of phosphorothioate oligodeoxynucleotide
anti-adhesive effects of both the Rel A antisense and serfgding to laminin is loss of the ability of laminin to bind to
oligomers. Taken together, all the data consistently demonstratéfatide, a substance on which cells can superficially spread.
that the effects of phosphorothioate oligomers on heterotypfeuriously, it is in this assay that the largest sequence-dependent
cellular aggregation are predominately non-sequence specifitifferences between Rel A antisense and Rel A sense oligomers
and related, at least in significant part, to an extracellula¥ere observed. These sequence related differencesiof e
interaction with ECM proteins. Furthermore, the anti-adhesivi@hibition of laminin binding to sulfatide were also particularly
effects of the phosphorothioate oligomers evaluated in this wopkonounced with increasing contiguous dG content (data not
are also related in part to sequence and length: in general, G-§¢®wn), perhaps for the reasons given above. However, in the
constructs (#1-#3, Rel A antisense) tended to be better anti-&fesence of phosphorothioate oligodeoxynucleotides, laminin
hesives than other, non-G containing homopolymers (e.g. SdT¥&s still capable of binding to its cell surface receptors on MCF-7
SdC18) or than Rel A sense. On the other hand, SACP84)10 cells. These observations are similar to those of Zabrerettaky

in K-Balb cells, blocked heterotypic adhesion almost to the sant&6), who examined the inhibition of the cell surface receptor
extent as Rel A antisense. However, the rat antisense c-mgipding of laminin by suramin. This compound is a hexaanion,
oligomer, which contained a G-quartet motif, was a poo&nd has many biological properties similar to those of longer
anti-adhesive at a 10M concentration. Thus, it is also likely that phosphorothioate oligodeoxynucleotid@s,§2). In the experi-

the presence of the G-quartet motif alone is insufficient foments with suramin, however, the value gjg®as much greater
maximal anti-adhesiveness: More probably, it must be locatedtifan that for phosphorothioate oligodeoxynucleotides.

DISCUSSION

the midst of a set of appropriate flanking sequent8s The The binding of oligodeoxynucleotides to fibronectin, in
nature of these optimal flanking sequences are as yet unknowrgfmtrast to laminin, was quite complex, presumably due to the fact
this system. that each of the two polypeptide chains in fibronectin contains a

The ability of guanosine-rich phosphorothioate oligodeoxyheparin binding site2(l). In further contrast to the interaction of
nucleotides to interact with proteing,48) probably is best phosphorothioates with laminin, the interaction of these oli-
represented as a continuum with respect to dG motif length. Itgemers with fluoresceinated fibronectin efficiently blocks its
possible that stacking interactions among the contiguous d@ding to thea5B1 integrin receptor on PMA-induced Jurkat
residues cause a diminution in the degree of rotational freedomasflls. Interestingly, evidence exists to indicate that the binding of
the oligomer: this may occur despite the fact that molecules sufibronectin to its cell surface receptor may in itself be an inducer
as Rel A antisense has the electrophoretic mobility of a typicaf NF-kB activity. Indeed, Qwarnstrost al (33) have recently
monomer in 7M urea polyacrylamide gels (Stein,C.A., Khaled,Zhown that the blockade of fibronectin binding to its integrin
and Narayanan,R. unpublished results). This diminution, in turreceptor results in a concentration-dependent reduction in the
may result in a diminished entropic component of the binding dibronectin-induced p50/p65 heterodimeric KB-activity to
a dG-rich oligomer to protein. Unusual protein avidity may first25% of the control value. This reduction, it has been proposed,
become observable at dG = 4, but may not be so pronouncedvasy further decrease the tendency of human gingival fibroblasts
to render irrelevant the sequences flanking the dG mg)if&t and smooth muscle cells to adhere and spread, possibly by
dG > 4, other non-specific factors may supervene, chief amongducing the interaction of the ankyrin-like repeats ofkBF-
them being the tendency of these molecules (e.g. #1—#3) to fosubunits with cytoskeletal structural eleme®4).(Thus, it is
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possible that merely inhibiting the binding of fibronectin to its cell4 Narayanan,R., Higgins,K.A., Perez,J.R., Coleman,T.A. and Rosen,C.A.

surface receptor is alone sufficient to block PMA-induced_ (sltge?f)cMX"ﬁ"kﬁf"f’ ggg%ﬁit?{se Res. Dl 67-69
upregulation of NF«B activity subsequent to attachment. This g gioin'C A and Che?]’g Y.-C. (199B3ience61, 1004-1012.

meChal’_]ism may thus be a_major qontribUtor to the_anti-adh_esiv;e Guvakova,M.A., Yakubov,L.A., Vlodavsky,l., Tonkinson,J.L. and
properties of phosphorothioate oligodeoxynucleotides. Militat- Stein,C.A. (1995). Biol. Chem270, 2620-2627. _
ing against this hypothesis, however, is that PMA induction of (Yl%ké’egﬁv’éf’ Ff(‘:ﬂed|§é Eizggggg--'l'\gézgunehﬂw Vlassov,V. and Stein,C.A.
PR H H . . Blol. em — .
NF-kB nuclear activity I.S’ in fact, readlly obs_erved (E)gn both 9  Stein,C.A,, Cleary,A., Yakubov,L. and Lederman,S. (198@ense Res.
attached and suspension K-Balb cells which have been treatédpg,, 3 19 31.
with Rel A antisense oligodeoxynucleotide. At the concentration® Khaled,z., Rideout,D., O’Driscoll,K.R., Petrylak,D., Cacace,A., Patel,R.,
employed, this oligodeoxynucleotide effectively blocks the Chiang,L., Rotenberg,S. and Stein,C.A. (198#) Cancer Resl,
binding of F-Fn to cell surface receptors. 113-122.
L . Tonkinson,J.L. and Stein,C.A. (19%)cleic Acids Re®2, 4268—-4275.

The b'°Pkade of the bmdmg of ,F'Fn toits cell surface recepto?é Sambrook,J., Fritsch,E. and Maniatis, T. (1988lecular Cloning: A
on PMA-induced Jurkat cells is a CQmp|9X_ event. Beqause Laboratory Manualp.10.66, Cold Spring Harbor Laboratory Press, Cold
oligomer-treated, washed cells still fail to bind F-Fn, direct Spring Harbor, NY. _ .
interaction of the oligomer with the receptor complex must stit3 Maltese,J.Y., Sharma,H.W., Vassilev,L. and Narayanan,R. (Y9@@ic

; L : : o Acids Res23, 1146-1151.
be considered. This is true despite lack of oligomer inhibition f4 Haimovitz-Friedman.A.. Balaban,N., McLoughlin M., Ehleiter,D.,

binding of an antB1 mAb and especially in light of the fact that ™ vjichaeli,J., Viodavsky,I. and Fuks,Z. (19828ncer Ress4, 2591-2507.

it is believed that the off-rates of phosphorothioate oligomers Knorre,D.G., Viassov,V., Zarytova,V. and Karpova,G.G. (1985)

complexed to protein tend to be slas). However, the precise Enzyme Regu4, 277-300.

binding site is unknown. 16 SZéag;eggaz;y,v.S., Kohn,E.C. and Roberts,D.D. (1@80)cer Res50,
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