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ABSTRACT

Antisense oligonucleotides can vary significantly and
unpredictably in their ability to inhibit protein syn-
thesis. Libraries of chimeric oligonucleotides and
RNase H were used to cleave and thereby locate sites
on human multidrug resistance-1 RNA transcripts that
are relatively accessible to oligonucleotide hybridiza-
tion. In cell culture, antisense sequences designed to
target these sites were significantly more active than
oligonucleotides selected at random. This methodol-
ogy should be generally useful for identification of
potent antisense sequences. Correlation between
oligonucleotide activity in the cell culture assay and in
an in vitro RNase H assay supports the proposed role
of the enzyme in the mechanism of antisense sup-
pression in the cell.

INTRODUCTION

affected by antisense sequences designed to those regions. Desig
strategies that take into account the G,C content or duplex melting
temperaturesTfy,) (4) and RNA folding programs3(9) have also
produced mixed results.

A method was therefore devised for locating sites on an mRNA
molecule that are most accessible to hybridization with antisense
ODNs. This was accomplished (Fita) by probing an RNA
transcript with a library of chemically synthesized, semi-random
ODNs. When mixed together, the accessible regions of the RNA
should hybridize with complementary sequences found within
the library. These regions are subsequently identified using
RNase H, which catalyzes the hydrolytic cleavage of the
phosphodiester backbone of only the RNA strand of a hybrid
RNA-DNA duplex. Sequencing of the RNA fragments produced
should allow identification of those regions in a particular mRNA
sequence which can serve as sites for targeting ODNs. Since the
mechanism of antisense inhibition is believed to frequently
involve RNase H, the use of RNase H/ODN libraries for the
mapping of accessible sites is likely to be more relevant than
approaches involving either other ribonuclease31{) or

The use of antisense DNA oligonuclectides (ODNs) for inhibitiomhemical agents £,13).

of protein synthesis is well established and fairly widespfieé). (

In addition to their use as research tools, antisense ODNs ®IATERIALS AND METHODS
currently being evaluated in several clinical trials as potential ) ] o
therapeutic agents. However, as numerous examples demonsttathesis of oligonucleotide libraries

sequences are complex and poorly understood; cqnsequentlyd g an automated RNA/DNA ABI 394 synthesizer (Applied
selection of such sequences has largely been empirical. Since @g.stems). For the libraries, all nucleotide positions with the
MRNA target of antisense inhibition is folded into secondary andception of the constrained nucleotide were synthesized using a
tertiary structures, some sites that might otherwise be available {gixwure of phosphoramidites in a ratio of 1.5:1.25:1.15:1.0
hybridization with ODNs may be rendered inaccessible. The regio :C:G:UIT), believed to produce a random mixture of sequences.
of an mRNA that are commonly targeted include thBanslated g fyrization of ODNs was accomplished using the Beaucage
region, the 3untransated region, splice sites and the region arouRgagent (Glen Research). ODNs were purified by reverse phase
the translation initiation codon (AUG). Of these sites, targeting ggp| c (PRP-3 column; Hamilton Co.) and analyzed by capillary gel

ODN to the AUG region has most consistently demonstrated %ﬂactrophoresis (PIACE 2100; Beckman).
antisense effect, nevertheless, the AUG site is by no means the only ’

region that produces an antisense effect nor is it the region that . -

necessarily produces the most potent effect. Additionally, beca&@"”o transcription

nucleotide sequences around the AUG (and around splice sites)RMA was transcribed from the pMDR2000xs.Seq plasmid (the
somewhat conserved)( other mRNA targets may be inadvertentlyplasmid was a generous gift from Dr Michael Gottesman) which

(4-6), the factors which influence the potency of antisensz'%l;;ﬁr;aries and phosphorothioate ODNs were chemically synthesized
i
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Figure 1. (@) Scheme for antisense sequence selection. A library of chimeric
ODNs is allowed to hybridize with an RNA molecule. The RNA in the

DNA-RNA duplex is cleaved with RNase H. The resulting fragments are gel and
sequence analyzed to locate the accessible sites and the information obtained is =@ -
used to design antisense sequenbeSeguence of the chimeric ODN libraries. -
G, A, C and T are deoxyribonucleotides. m and N denote a random mixture of

2'-methoxyribonucleotide and deoxyribonucleotide bases respectively. -

e

encodes the full-length P-glycoprotein. The plasmid was linear-

ized withScd and then transcribed with T7 RNA polymerase

using the RiboMAX kit (750 nmol rNTPs, 500 nmol guanosine,

total volume 10Qul; Promega). The RNA was extracted with "
phenol/chloroform/isoamyl alcohol, passed through a G-50 i

Sephadex Quick Spin column (Boehringer Mannheim), ethanol o .
precipitated and'&end-labeled under standard conditions with - &
T4 polynucleotide kinase. .

! i & 4
Mapping and in vitro RNase H experiments l l 1 l i 3
Libraries and ODNs were treated with proteinase Kuftgl for ™ ‘
3 h at 37C) prior to use. They were extracted (phenol/chloro-
form/isoamyl alcohol), ethanol precipitated, resuspended in
diethylpyrocarbonate-treated water and quantitated by UV spec-
trometry. Assays was run in sterile 96-well microtiter dishesFigure 2. Autoradiogram of RNA fragments showing cleavage at accessible
(GeNunc Modules). In mapping experiments, 10 h¥#B-labeled SitES-hLanf%t r} E?‘A mﬁrkefs; :%ne Zweﬁld-labfligNt/:atnscritEt; |ar)t6;] %NRNAH
RNA transcript was incubated separately with each semi-randoffhe "2 £ S, oL PR Lra e o o o e . RN
“brar_y _(‘?’OHM) and 0.1 Ul RNa_SG H (Promega) at 3 for fragments corresponding to accessible sites are labeled A-J.
20 min in a Tris buffer (40 mM Tris, pH 8.0, 4 mM MgCl mM
DTT, 10 pl total volume). The reactions were quenched with
formamide gel loading buffer and the samples loaded on a 6%
denaturing polyacrylamide gel. Gels were analyzed with B
Phosphorimager (Molecular Dynamics). (Data shown represen
a linear relationship between signal and image intensitjn) In A large scale RNase H assay (equivalent to 20 microtiter wells)
vitro RNase H experiments using individual ODNs, 200 nMwvas performed with unlabeled transcript. The reaction mixture
phosphorothioate ODNs were incubated with transcript andas then extracted, ethanol precipitated and filtered through a
enzyme; all other conditions were identical. Quick Spin column (Rainin). The recovered mixture of full-

{imer extension analysis
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(from primer extension of full-length transcript with ddNTPS)
were interspersed with primer extension lanes (with dNTPs) of
the cleaved fragments.

Cell culture experiments
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The cell-based assay was adapted from a method by Trevorrow
(14). Human MDR-positive epithelial carcinoma cells (KB8-5)
were incubated with a complex of ODN and lipofectin (Gibco-
BRL) (final concentrations 1 anduiM respectively) in serum-
free medium for 3 days (3T, 5% CQ). The cells were scraped
and incubated, first with rhodamine-123 (@g3ml, 55 min) and

then with propidium iodide (pig/ml, 5 min). After washing,
verapamil (40uM) was added to the positive control cells; all
samples were then incubated for 1 h. After gating out dead cells,
the mean intracellular concentration of rhodamine in 10 000 cells
was determined by flow cytometry (Becton Dickinson FAC-
Scan). The mean rhodamine signal in ODN-treated cells was
scaled relative to verapamil-treated cells. Cells that received
neither ODN nor verapamil served as negative controls.

|
2]

RESULTS AND DISCUSSION

The semi-random libraries used consist of 11 nt oligomers. Ten
of the 11nucleotide positions were synthesized to contain a
C random mixture of bases. The identity of the eleventh nucleotide
at an internal position was constrained, as experiments with the
completely random library gave far less optimal results. How-
ever, to ensure the sampling of every possible sequence, all four
libraries with a single constrained nucleotide were synthesized
and tested (Fidlb). The libraries are chimeric ODNs composed
of a mixture of deoxyribonucleotides withrrBethoxyribonu-
-B cleotide flanks. Incorporation of'-thethoxyribonucleotides
increases the thermodynamic stability of the 11 nt duplex between
ODN and RNA (516). Additionally, such chimeric ODNs
- selectively direct RNase H cleavage to primarily one position per
' duplex, as opposed to multiple positions when mediated by an
T all-phosphodiester ODNL{,18).
) - This methodology was applied to a 1159 nt transcript of the
hMDR1gene. In the absence of enzyme (Ei¢pne 3) or library

L - (lane 4) the transcript remained intact. However, when all three
components were present together, discrete cleavage fragments
of varying intensity were obtained (lanes 5-8). As the activity of

i
L
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I
=
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| RNase H is not sequence dependen2(), these results support

- J the hypothesis that not all regions of an RNA molecule are equally
accessible for hybridization with ODNs. Furthermore, the
cleavage patterns vary depending on the identity of the con-
strained nucleotide in the library. Since these ODNs are only 11

Figure 3. Autoradiogram identifying the location of sites B—E through primer basg; Iong ar_"d since th.e constrained n_UCIeOt|de IS Qt an internal

extension analysis. The primer was designed to hybridize to nt 518-537 (Figd0sition, a mismatch with that constrained nucleotide may be

4) of the RNA. Control lane 1, primer extension of the full-length transcript. sufficient to destabilize and hence disrupt any partially hybridized

Sequencing lanes 3,5, 7 and 9, pl’imer extension of the fU”-Iength transcript |Hup|exl Therefore’ not all libraries will Identlfy the same

the presence of ddT, ddG, ddC and ddA respectively. Lanes 2, 4, 6 and 8, primegr . - . . .
extension of RNA fragments generated by treatment of full-length transcriptsCCGSSIbIe sites. A total of 10 accessible SlteSZF,IQ.—J, were

with the libraries and RNase H. The numbering system is based on Figure 4identified in the first 250 nt of the transcript. Experiments with a
completely random library produced cleavage patterns that were
far less intense; this may be due to the greater likelihood of

length and cleaved transcript was used as the template for prirself-hybridization occuring amongst members of the library.

extension analysis (42 for 30 min) with several different Although these experiments were carried out on a 1159 nt
5'-32P-labeled primers (150 nM) and AMV reverse transcriptasganscript, experiments with otheMBR1 transcripts (800 and

(2.2 Ufl; Promega). Primer extension of the full-length tran-3000 nt) demonstrate that the same sites are identified provided

script with dNTPs served as the control. RNA sequencing landse same send is retained. Location of these sites was identified
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Figure 4.Inhibition of P-glycoprotein function of ODNSs selected by walking the RNA. Accessible sites identified by mapping are boxed or outlined in blue. Mappin
ODNSs were not made to sites E and | (hatched boxes). The regions targeted by walking ODNs (N-Z) are represented by either the red or green bars. Followi
ODN name is the percent antisense inhibition by that ODN (relative to verapamil), followed by the number of G and C residues in the sequence in parenthesis
average inhibition produced by a generic negative control ODNTMas 7.1+ 5.6%.

by reverse transcriptase-mediated primer extension dftftag3  P-glycoprotein function was determined using the rhodamine
ments (Fig.3). Primer extension of the full-length transcriptassay. After treatment with antisense ODNs, the cells were
(lane 1) is an important control, ensuring that sites identified imcubated with rhodamine. Functional P-glycoprotein actively
the even numbered lanes are genuine accessible sites, as oppgggetbs rhodamine out of the cells. Intracellular rhodamine
to bands arising from primer termination due to RNA secondagbncentrations determined by fluorescence activated cell sorting
structure. As with the mapping results of Figrehe primer  (FACS) provided a readout of P-glycoprotein function. Experi-
extension data also shows that not all libraries identify the saients in the presence and absence of verapamil, a competitive
sites. Additionally, within any one site, the cleavage fragmentghibitor of P-glycoprotein, were used as positive and negative
generated are of varying intensity. ) . controls respectively and served to demarcate the range of
The data obtained above was used in the selection of 20;fibition possible. However, since inhibition by verapamil
Eggrsigig%rgtthé?;rg?g%%S;gggsgiSII:sng?ég?]gizys%ﬁgilgg:t?\%ecurs by a different mechanism from that of antisense ODNSs, it
C possible for ODN inhibition to fall outside the range defined by
control ODNs (NC1 and NC2) were selected to hybridize to thg, 5 yamil. A 15 nt phosphorothioate ODN previously described
region between sites A and B. The accessible sites identified g{&q |iterature) produced a 68% inhibition of P-glycoprotein
summarized either as a range of nucleotides (Tableas boxed function in this assay. Four negative controls, a 2 base and a 4 base

regions (Fig.4). Since chimeric ODNs in the 11lmer library mismatch to the antisense sequence, a scrambled sequence as we
mediate cleavage of the RNA strand only in regions base paire

; ; ; AR as a generic negative control {N), run alongside the antisense
‘r’]";tgrigiez%xi'gt;ﬁre‘“gﬁ%'ﬁfﬁygtlﬁ)éeﬂgyeimg{% 2?12;305"‘?“ ODN all inhibited P-glycoprotein function to <10% (G.L.Trainor
beyond the cleaved base. Therefore, a series of phosphorothic?ét@l’ manuscript in preparatlor_l)_. The generic control consists of
ODNs (e.g. AL, A2 and A3 to site A) was designed to each Si{éndomlzed bases at all positions except for the terminal 3

such that the 'Bend of the ODN extends beyond individual "Ucleotide. . .
cleaved bases to different degrees. Mapping ODNSs were therefore tested in the rhodamine assay

The ability of these ODNs to inhibit the synthesis ofYSINg a similar randomized sequence Njs a generic control.
P-glycoprotein (the protein encoded by théOR1 gene) was The data (Tablé) shows that both negative control sequences
tested in KB8-5 cells. Due to low P-glycoprotein expression if0mplementary to the region between sites A and B exhibited no
these cells, we and others have not been able to reliably quantiigiificant antisense effects. However, ODNs complementary to
P-glycoprotein levels2(l). However, the correlation between accessible sites exhibited a range of activity. Oligonucleotides to
increased P-glycoprotein expression and the multidrug resistariBege sites (D, F and G) showed a strong inhibitory effect on
phenotype (indiscriminate efflux of a wide range of hydrophobid?-glycoprotein function (>80% inhibition relative to verapamil).
cytotoxic compounds) is well document&d)( Furthermore, the Oligonucleotides to site J were moderately active, while those to
use of the rhodamine efflux assay as an indicator of P-glycoprifte remaining sites (A—C and H) produced poor antisense
tein expression and function has been validét8@4). There-  inhibition. Within each site, moving theénd of the ODN by 2—3
fore, the efficacy of antisense ODNs in the inhibition ofnt could affect the antisense activity by as much as 20-30%.
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Table 1.Inhibition of P-glycoprotein function by mapping ODNs designed against accessible sites

Site Oligonucleotide Oligonucleotide Percent antisense No. of G,C
(location) name location inhibition bases
A (521-528) Al 508-527 149+ 2.9 8
A2 510-529 16.63.4 7
A3 512-531 3. k2.8 8
B (483-484) B1 471-490 751.7 3
B2 474-493 2514 4
C (461-469) C1 445-464 334514.3 9
c2 448-467 30571 9
C3 451-470 142 8
D (448-457) D1 432-451 7957.0 11
D2 435-454 112.# 131 12
D3 438-457 91.% 3.9 13
F (417-423) F1 402-421 83456.53 13
F2 404-423 85.30.12 14
F3 407-426 1143 2.5 13
G (409-413) Gl 394-413 821922.5 13
G2 396-415 85.92.12 14
H (361-364) H1 348-367 962.0 9
H2 351-370 15.#2.2 8
J (309-311) J1 294-313 46:5.F 11
J2 296-315 45.6 5.62 11
NC NC1 498-517 3.62.12 5
NC2 484-503 -0.72£ 2.4 4

Antisense ODNs were designed to eight accessible sites including a negative control region (NC). The nt numbering system is that of the h(MDR1.GB_PR ge
guence 25; accession no. M14758), with the translation and major transcription initiation sites at positions 425 and 285 respectively (sé also Fig.
aTwo-point data sets; the remaining ODNs were tested at least three times. The average inhibition produced by a generic, 20 nt negative control oligonucleotide
a random sequence (NJ was 10.2+ 4.6%.

When these results were analyzed in the context of G,C contéiainscript has a high density of accessible sites and therefore appear:
of the ODNs, a correlation was observed (Tapl®ligonucleotides to be particularly susceptible to antisense inhibition. Prior to the
with a minimum of 11 G or C residues exhibited moderate to stromgapping studies, a set of 13 ODNs (walking ODNSs) had been
inhibition, while ODNs having nine or less G and C residues hathosen by systematically walking the first 200 nt of tiDR1
poor antisense activity. Although duplex melting temperatures angessage. These ODNs span the region containing sites C-J. Eacl
G,C content are generally not accurate predictors of antisense OBMnt phosphorothioate ODN overlaps the next member of the series
efficacy @), we hypothesized that the absence of significartty 5 nt (Fig.4). To further evaluate the mapping methodology,
antisense effects at accessible sites A-C and H may indeed be link&Ns selected by this alternate method were compared with ODNs
to poor duplex stability of the phosphorothioate ODN-RNA duplesselected through the mapping method. As expected, there was a
If the melting temperatures of these A,T-rich ODNs could beide range in the ability of these walking ODNSs to elicit an antisense
increased, a significant antisense effect might be observed. difect in cell culture. Of the 13 ODNSs, three had potent antisense
evaluate this hypothesis, we prepared several chimeric ODMBects (>70% with respect to verapamil), three were modest in their
similar in structure to those ODNs used in the libraries. Thesetivity (40—-70%) and the rest were poor. Unlike the mapping
chimeras contain siX-Znethoxyribonucleotide bases at each end 0DDNs, there was no correlation between efficacy and number of G
the ODN but differ from the libraries by having phosphorothioater C residues present. For instance, ODNs W and ZjFighich
lingkages. Chimeras were made of a negative control ODN (NC2jave 11 G and C residues, both have low levels of antisense activity.
an ODN with potent activity (D2) and two ODNs having nine G antRather, potency of these walking ODNs tracked better with
C residues but with little antisense activity (C2 and H1). The resuftsoximity to accessible sites. For example, thenl of ODN P is
(Table2) show that while the chimeric analog of D2 (CD2) retaingroximal to site D, while the'fend of ODN R is in the vicinity of
its potent antisense activity, the homolog of NC2 (CNC2) remairsite F. (RNase H cleaves the RNA of a hybrid duplex in the vicinity
inactive. In contrast, the chimeric versions of two ODNs targeted tif the 3-end of DNA ODNs.) Likewise, sequences such as ODN U
sites shown by mapping to be accessible exhibited significambd ODN T, whose "®nds are not in the vicinity of identified
increases in potency. Oligonucleotide CC2, which is identical iaccessible regions, were found to have little antisense activity. Our
sequence to ODN C2, had an 80% increase in antisense activitsta therefore suggests that, in general, a high G,C content by itself
similarly ODN CH1 had a 110% increase over ODN H1. Thess insufficient to produce a potent antisense effect if an inaccessible
results suggest that the lack of activity previously observed at thesgion is targeted. This is consistent with previous reports that a high
A, T-rich sites with phosphorothioate ODNs was likely due to theuplex melting temperature between an ODN and its RNA target
lack of thermodynamic stability of the ODN—RNA duplexes. does not necessarily translate into potent inhibitory antisense effects

Our mapping data indicates that the first 200 nt of MBR1  in cell culture §).
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Table 2.Chimeric ODNs have potent antisense effects when targeted to accessible sites that are A, T-rich

Experiment Thioate Percent antisense Chimeric Percent antisense
oligonucleotide inhibition oligonucleotide inhibition

1 NC2 1.7 CNC2 8.3

2 NC2 -3.2 CNC2 7.5

1 D2 130.9 CD2 146.7

2 D2 127.0 CD2 140.8

1 c2 23.0 cc2 92.7

2 c2 24.8 CC2 114.7

1 H1 9.3 CH1 126.1

2 H1 10.6 CH1 113.5

Results of two separate experiments where side-by-side comparisons between phosphorothioate versus chimeric ODNs were made. The average inhibition pr
by the generic negative control ODN ¢NJ was 13.6t 6.8%. The chimeric version of the generic negative control ODN produced an inhibitiontd.3%.
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activity >70%. The high density of accessible sites in this portion
of the MDR1 transcript increased the likelihood of identifying
active sequences by walking the RNA. The three most potent
walking ODNs are proximal to accessible sites. Additionally,
even though these sequences (ODNs P, R and Q) were
coincidentally well placed with respect to accessible sites, they
were by no means optimally placed for maximum antisense
efficacy. For instance, at sites D and F, mapping ODNs D2 and F3
were more potent than walking ODNs P and R by 21 and 28%

: W N ' ) : D ,
204 . : : respectively when assayed side-by-side in the same experiment
20 0 20 40 60 BO 100 (data not shown). Lastly, of the nine mapping sequences that
produce antisense effects >80%, only two ODNs (F2 and F3) are
in the 6 nt ‘consensus region’ around the AUG. Since this
mapping strategy can identify active antisense sequences
_ _ o o throughout the entire length of the transcript, the unintentional
Figure 5. Correlation of ODN activity in cell culture and in @nvitro assay. . '
The inhibition of P-glycoprotein function by 10 of the randomly selected targeting of other RNA mOIe,CUIeS _(C_ur_rently known or as yet
walking ODNs (N-W, all examined in the same experiment) was plottedUnsequenced) can be potentially minimized.
against the amount of transcript cleaved by RNase H in the presence of that Antisense activity of any ODN appears to depend on the
ODN. Each ODN (200 nM) was reacted with transcript (10 nM) and RNase Haccessibility of its target site. Methodology has been developed
(0.1 Upl) for 20 min. The number of G and C residues in each sequence '%sing RNase H and chimeric ODN libraries which allows
shown in parenthesis. . P . . .
identification of such sites. This methodology may be particularly
useful with high molecular weight mMRNA species such as from

Both mapping and walking ODNs were also examined in an the IMDR1gene, where alternative approaches such as system-
vitro RNase H assay. In these experiments, individual ODNs wedéic ‘walking’ of the entire RNA and screening of multiple
incubated with transcript in the presence of RNase H. The amo@fttisense sequences becomes impractical. Once the accessibility
of RNA cleavage mediated by any one ODN was then quantitate@puirement is satisfied, antisense ODNs must have a minimum
and the data compared with results obtained from cell culture.@,C content to demonstrate an adequate antisense response
strong correlatiorr (= 0.92) was obtained betweenitheitroand A, T-rich phosphorothioate ODNs may not hybridize to their
cell culture data (Figp) for the walking ODNSs; a similar though target RNA sites with sufficient thermodynamic stability to allow
less strong correlation was obtained with the mapping ODNfficient processing by RNase H. Such regions can, however be
These data suggest thaimnitro RNase H assay can serve as arsuccessfully targeted willy,-enhancing analogs such as chimer-
accurate predictor of ODN efficacy in cell culture. Furthermoreas containing 2methoxyribonucleotides.
the data suggests the participation of RNase H in the mechanism

of antisense suppression. %EFERENCES
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