0 1998 Oxford University Press

Nucleic Acids Research, 1998, Vol. 26, No. 1567-1575

Selecting optimal oligonucleotide composition for
maximal antisense effect following streptolysin
O-mediated delivery into human leukaemia cells

R. V. Giles12* D. G. Spiller 1.2, J. Grzybowski 2, R. E. Clark2, P. Nicklin 3 and D. M. Tidd 1

1School of Biological Sciences, University of Liverpool, Life Science Building, Crown Street, Liverpool L69 7ZB, UK,
2Department of Haematology, University of Liverpool, PO Box 147, Liverpool L69 3BX, UK and 3Novartis Horsham
Research Centre, Wimblehurst Road, Horsham RH12 4AB, UK

Received January 8, 1998; Revised and Accepted February 19, 1998

ABSTRACT

It is widely accepted that most cell types efficiently
exclude oligonucleotides  in vitro and require specific
delivery systems, such as cationic lipids, to enhance
uptake and subsequent antisense effects. Oligo-
nucleotides are not readily transfected into leukaemia
cell lines using cationic lipid systems and streptolysin

O (SLO) is used to effect their delivery. We wished to
investigate the optimal oligonucleotide composition for
antisense efficacy and specificity following delivery into
leukaemia cells using SLO. For this study the well
characterised chronic myeloid leukaemia cell line
KYO-1 was selected and oligonucleotides (20mers) were
targeted to an empirically identified accessible site of
c-myc mRNA. The efficiency and specificity of antisense
effect was measured 4 and 24 h after SLO-mediated
delivery of the oligonucleotides. C5-propyne phospho-
diester and phos phorothioate compounds were found
to present substantial non-specific effects at 20 UM but
were inactive at 0.2 pM. Indeed, no antisense-specific
effect was noted at any concentration at either time. All

of the other oligonucleotides tested induced some
measurable antisense effect, except 7 (chimeric, all-
phosphorothioate, 2 '-methoxyethoxy termini) which
was essentially inactive at 20 uM. The rank efficiency
order of the remaining antisense compounds was
4=3>>9>>10=8=5=6 > 11. The efficient antisense
effects induced by the chimeric methylphosphonate—
phosphodiester compounds were found to be highly
specific. Increased phosphorothioate content in the
oligonucleotide backbone correlated with reduced
antisense activity (efficacy: 2 '-methoxyethoxy series
9 >> 8 >> 7, 2'-methoxytriethoxy series 10 > 11). No
consistent evidence was obtained for increased activity
correlating with increased oligonucleotide—mRNA
heteroduplex thermal stability. In conclusion, the
chimeric methylphosphonate—phosphodiester oligo-
deoxynucleotides present the most favourable
characteristics of the compounds tested, for efficient
and specific antisense suppression of gene expression
following SLO-mediated delivery.

INTRODUCTION

Chronic myeloid leukaemia (CML) is a proliferative disorder of
the haematopoetic stem cell, which results in the accumulation of
myeloid cells and their progenitory) (A specific chromosomal
translocation t(9;22)(g34;11), termed the Philadelphia (Ph)
chromosome, is found in the great majority of patients with CML.
This translocation fuses theabl and major breakpoint cluster
(bcr) genes?). The aberrarticr—abltranscript derived from this
region is translated to produce BCR-ABL (p210) tyrosine kinase
which displays enhanced activity over wild-type c-ABL (p13)5;

and is believed to be central to the pathogenesis of CML.

CML cell growth in culture has been reported to be arrested
following introduction to the growth medium of antisense oligo-
deoxynucleotides targetinigcr—abl (4,5). Antisense oligodeoxy-
nucleotide-dependent suppressiobaftablmRNA expression
may be readily obtaine®,{) but p210 BCR-ABL protein levels
may not be significantly lowere®,0), due to the very long half
life of BCR-ABL protein (L0). Consequently, BCR-ABL may be
a poor target for antisense oligodeoxynucleotide mediated inhibition
of expression q). The observed inhibition of cell proliferation
following use of bcr—abl targeted oligodeoxynucleotides may,
therefore, result from ‘cross-over’ antisense activity at non-target
MRNA sites {1) or from non-antisense mechanisn@1?)
which may have a sequence-specific comporigit (

On the other hand, MYC function is required for BCR-ABL
induced transformatioriLf,15) and MYC and BCR-ABL may
co-operate, via the induction of BCL2, to inhibit apoptosis and
enhance tumorogenicityl®). Moreover, MYC protein may
provide a better target for antisense inhibition than BCR-ABL, as
MYC protein displays a short half lifel) ((1l5 min) and
antisense induced supression ofigemRNA has been shown to
result in supressed MYC protein expressiaag).

One of the fundamental problems associated with antisense
technology is that of delivery of oligonucleotides into the
intracellular ompartments of intact cells vitro. Uptake generally
proceeds by incorporation of exogenously applied antisense
effectors into endocytotic vesicles, which results in the oligo-
deoxynucleotides remaining separated from their mMRNA molecular
targets by a lipid membrané3-23). Consequently, a range of
methods has been examined for their ability to achieve pharmaco-
logically relevant oligodeoxynucleotide concetitras in the cyto-
plasm and nucleus of target cells. One approach was conjugation of
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the antisense effector to lipophilic molecul@sl)((for example A 2 h ammonia treatment was used to ensure complete deprotection
cholesterol;24,25) or compounds previously described as drugpf the 3-Amino-Modifier C6-TFA (Glen Research) group and
carriers (for example, polHysine; reviewed ir26). Transfection permit efficient subsequent attachment of fluorescein. Treatment
methods have been tried, such as encapsulation into liposormégth ethylenediamine/ethanol (1:1 by volume) was for 18 h.
(reviewed in 26), association with cationic liposome&7), C5-propyne pyrimidine oligonucleotides were synthesized from
polyalkylcyanoacrylate nanoparticleX3f or polyethylenimined9)  propanediol derivitized CPG support in like manner using
and reversible cell permeabilization by electroporatiéff) br  C5—propyne pyrimidine phosphoramidites and purine phospho-
treatment with SLO1(8,31,32). ramidites (Glen Research Inc.). Phosphorothioate internucleoside
Different cell types display significantly different responses tdinkages were obtained using tetraethylthiuram disulphide
the various delivery methods. Human keratinocytes appear to tafd€ETD) as the sulphurizing reagent in place of the iodine
up oligodeoxynucleotides following simple topical applicationoxidising reagent on the synthesizeg)( Deprotection was by
(22,33). A range of cells take up oligonucleotides followingconcentrated ammonia treatment atG®vernight.
cationic lipid delivery, the most widely usedvitro transfection
technique. However, cationic lipids may not enhance the uptakss| culture
of antisense compounds into leukaemia c&d. (In contrast, ) ) _
human chronic myeloid leukaemia cells from culture lines'he acute lymphoblastic leukaemia MOLT4 [European Collection
(7,32,34) and of patient origin35) respond well to reversible 0f Animal Cell Cultures (ECACC), Porton Down, Wiltshire] and
permeabilization with SLO. Indeed, SLO delivery is used in aghronic myeloid leukaemia KYO-1 (generous gift of Drs
on-going clinical trial ofex vivobone marrow purging with M.Kirkland and S.O'Brien, LRF Leukaemia Unit, Hammersmith
oligonucleotides targeted bzr—abl mRNA (36). Hospital, London) cell lines were maintained in exponential
In the present study, congeners of mye phosphorothioate growth in RPMI-1640 medium (GIBCO, Paisley, Renfrewshire)
20mer oligonucleotide were investigated for antisense efficadgpPplemented with heat inactivated (651 h) foetal calf serum
and specificity in KYO-1 chronic myeloid leukaemia cells(SeraLab, Crawley Down, Sussex) to 10%. All procedures were
following SLO-mediated delivery. The experimental design wagerformed with cultures assayed to be >95% viable by trypan blue
selected, in part, for relevance to future therapesicvivo —€xclusion. The hybridoma lines Mycl-9E10 and Mycl-3C7
purging of CML marrows, an interest of the groups working ifwhich express antibodies to human MYC protein, ECACC) were
Liverpool. The oligonucleotides were targeted to basegaintained in exponential growth in RPMI-1640 medium
1147-1166 of enycmRNA (GenBank, ‘HSMYC1), a position Supplemented with 10% heat inactivated foetal calf serum.
which appears to be accessible for oligonucleotide hybridisatioftupernatant was collected by centrifugal removal of cells and
The oligonucleotides investigated were phosphorothioatstored at 4C until required.
5-methylcytosine phosphorothioate, phosphodiester and phos-
phorothioate C5-propyne pyrimidine structures and chimeriReversible cell permeabilisation

molecules composed of a central ribonuclease H (RNase . . .
O was used to reversibly permeabilize cells towards oligo-

activating region (phosphodiester or phosphorothioate) a nucleotides 7,31,32) according to a recently revised protocol

termini composed either of methylphosphonate residuésiboge i .
s : : : ). SLO was obtained from Sigma (Poole, Dorset), suspended
modified phosphodiester or phosphorothioate residues. Here ‘gfiooo U/ml in Mg*/Ca2*-free phosphate buffered Saline and

present results that show that chimeric methyiphosphonat€z; =00 = e o el B R S e by

phosphodiester oligodeoxynucleotides were the most active &t . ; ;
suppressing cayc expression, following intracellular delivery incubation at 37C for 2 h. Small aliquots of activated SLO were

with SLO. The high efficacy was not obtained at the expense gfored at—20C until required. Cells to be permeabiliseet (B°
non-specific activity per treatment) were washed and resuspended jd 28um-free

' RPMI-1640 medium, then permeabilzed by addition of 30-50 U
SLO and incubation at 3C for 10 min, in the presence or

MATERIALS AND METHODS absence of oligonucleotide. The precise amounts of SLO required
for maximal permeabilization and resealing were identified by a
Oligonucleotide synthesis dose-response optimisation procedure prior to each experiment.

. . o Resealing was achieved by addition of 1 ml of pre-warmed and
The 20mer oligonucleotides used in this study are presentedddssed normal growth media (90% RPMI-1640, 10% heat
Table 1. Details of the chemical modifications are presented ifhactivated foetal calf serum) and a further 20 min incubation at
Figure 1. The antisense sequence is complementary to basgs C. Cells were transferred to culture flasks containing 9 ml of
1147-1166 of ‘HSMYC1' (GenBank accession number V00568hre-warmed and gassed normal growth media and incubation
The phosphorothioate oligodeoxynucleotideras purchased from continued at 37C. Samples of 1 mCE x 10P cells) were taken
Oswel DNA (Southampton, Hampshire). Oligonucleotifiell 30 min, 4 and 24 h after the initiation of permeabilization for flow
were supplied by Novartis (Basle, Switzerland). cytometric analysis. Samples of 2 (P cells) were removed

Chimeric - methylphosphonate—phosphodiester  oligodeoXyt and 24 h after the start of permeabilization for mRNA and
nucleotides were synthesised as previously descriti¢diging  protein analysis.

phosphoramidites and methylphosphonamidites from Glen

Research Inc. (UK Supplier, Cambio, Cambridge) and the slo

1 pmol cycle (version 1.23) on an Applied Biosystems (\Narringtonr,ﬂﬂow cytometry
Cheshire) 381A DNA synthesizer, with the exception that th®ead cells in the samples were stained by addition pigi@l

base deprotection procedure recommended by Agrawal apcopidium iodide and incubation for 10 min on ice. Cells were
Goodchild 87) was substituted for that used by Mill&#8).  washed, resuspended in 1 ml ice-cold normal growth medium and
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Figure 1. Chemical structures of the oligonucleotides used in this s#giiNgtural Cytosine, 5-methyl cytosine and thymine are depicted with the unnatural bases
C5-propyne cytosine and C5-propyne urad#l) Natural 2-deoxy ribose is depicted with synthetien2ethoxyethoxy ribose and-gethoxytriethoxy ribose.
(C) Natural phosphodiester internucleoside linkage is depicted alongside synthetic phosphorothioate and methylphosphanate linkage

assayed for red and green fluorescence on a Cytoron Absolute beelelttroblotted onto reinforced nitrocellulose membranes (‘Optitran’,
top flow cytometer system (Ortho Diagnostic Systems, LoudwateBchleicher and Schuell, UK distributor Anderman and Co. Ltd,
Buckinghamshire) using a protocol which samples a preciselyingston-upon-Thames, Surrey). MYC protein was detected
known volume. This procedure provides information on the totalsing a 1:1 mixture of Mycl-9E10 and Mycl-3C7 hybridoma
number of cells per mlin the original culture, the % viability of thosesupernatants as primary antibody, the secondary antibody was an
cells and, when a green fluorescent compound has been introduasidhline phosphatase-conjugated sheep anti-mouse 1gG (Sigma).
by SLO, the % permeabilized and resealist). Final chromogenic development was achieved as for northern
blotting.
MRNA analysis

Total RNA was extracted from cell pellets using a guanidiniumR'\IA folding prediction

thiocyanate/acid phenol methetd). Formaldehyde gel electro- The secondary structure ofitycmRNA was estimated using the
phoresis, capillary blotting to nylon hybridisation membraneWisconsin GCG packageOLDRNAandMFOLD routines were
northern hybridisation and non-radioactive detection of mRNAised to calculate structure minimum energies. The results were
species were performed according to standard techniques vésualised using thEQUIGGLESoutine.

previously described®@), except that digoxigenin-UTP labelled
antisensén vitro transcripts were used as probi&) (rather than

Densitometry and presentation of data
digoxigenin-dUTP labelled random primed DNA fragments.

A Shimadzu CS9000 flying spot densitometer (Shimadzu, UK
distributor Howe & Co. Ltd, Banbury, Oxfordshire) was used as
previously described4@). The densitometrically determined
Cells were washed, pelleted and lysed by addition of 100 qul200 expression of cayg p53 and GAPDH mRNA and MYC protein
warmed lysis buffer (0.04 mol/l Tris, pH 6.8, 10% glycerol, 1%was corrected for the number of viable cells present in the sample
2-mercaptoethanol, 1% sodium dodecylsulfate, 0.001% bromérom which RNA and protein was extracted [MRNA or protein
phenol blue) followed by incubation at95for 10 min. Samples expression = (densitometric area of band)/(number of viable cells
were fractionated by SDS—PAGE through a 6% stacking gel in flow cytometry sample)]. The mean of the three SLO-only
and a 10% separation gel. Proteins present in the gels waentrol values, present in every experiment, was set to 100% and

Protein analysis
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Table 1.0ligonucleotides used in this study

Number Structure and sequence (3' 2 5)
Antisense
1 Pr~AU*G;G,G;A;G;A,G,U*;U*;G,C*;U*;G*;U*,C*,G,U*.C*~F
2 Pr~A,U*GoGoGoAuGoAGoU*oU*:GoC*oU* GoU* o C* G U* o C*~F
3 AmpTmpGmpGmpGmpAcGoAcGoToToGoCoTmpGmp TmpCmpGmp TmpC~F
4 Arp TrpGrmpGrmpGmpAmpGoAcGoToToGoCoTmpGmp T mpCmpGmp TmpC~F
5 ATG;GGAG;AG; T T;G;C:T,G,T:C.GT,C
6 A.T.G,G,G,A,G,AG,T,T,G.C',T.G,T.C",G,T.C!
7 AmesTmesGmcsGm.sGmesAmesGsAsGsTsTsGscfgTSGmesTmescfmesGmesTmescfme
8 A T™,G™,G™ G, A%, G,AG, T, T.G.C! . T.G™ T, Ct™ G, T™ Ctme
9 AmeoneoneoneOGmeo AmeQGO AOGOTOTOGOCTOTOGmeoneocfmeoneoneoc’{me
10 A" T™ G™,G™,G™,A™G,A.G,T.T.G.C!, T.G™, T™ C™ G™ T Cct™
11 Amt“TmtﬁGmt!;c_:‘mtsGmts AmtsGs A,G sTsTsGsctsTsGmtsTmtscfmtsGmtsTmtscfmt
Sense
12 Pr~G,A,C*.G,A;C*;A;G;C*;A;A;,C*,U*;C*U*;C*,C*,C*;A;U*~F
13 GmpAmpCmpCmpAmpCmpAcGoCoAcAcCoToCoTmpCrmpCrmpCrmpAmp T~F
Inverse Antisense
14 Pr~C*,U*G;C*,U*;G;U*;C*;G,U*;U*;G;A;G:A;G:G;G,U*:A~F
15 Cinp TmpCmpComp TmpGimp ToCoGoToTeGoAGoAmMpGimpGimpGimp TmpA~F

Internucleoside linkages and termini: o, phosphodiester; s, phosphorothioate; mp, methylphosphdi{)eafboxy-
fluorescein-aminohexanol linker; Brpropane diol protecting group. Sugar and base: N, unmodifiéeoRy ribose;
me, 2-methoxyethoxy; mt, 2methoxytriethoxy;t, 5-methyl cytosine, *, C5 propyne pyrimidine.

the data points plotted relative to thisstandard deviation. This Antisense, control sense and inverse antisense (reverse polarity
procedure was preferred to normalising relative to the expressiantisense) C5-propyne pyrimidine modified phosphorothioate
of a control gene because of the potential for non-targeted activitfigodeoxynucleotides were introduced into the cytoplasm and

in antisense experiments. nucleus of the CML cell line KYO-1 using SLO as described in
Materials and Methods from extracellular oligomer concentrations
RESULTS AND DISCUSSION of 0.2, 2 and 2QM. The resultant expression ofrgfcmRNA and

The oligonucleotides used in this investigation are detailed Ot 4 and 24 h afterwards is presented in Figursgure2A
Table 1 and their chemical modifications in Figufe Al S owsthat4hafterde_l|very, the[2@ antisense treatment inhibited
antisense compounds are complementary to bases 11471166 8¢ MRNA expression to 37.& 1.2% of SLO-only control.
c-myc mRNA (‘HSMYCL, GenBank Accession number Below this concentration the antisense oligomer was essentially
\V00568). This site was initially noted as one at which oligomer#ithout effect on anycmRNA at 4 h. This suppression ofrc
targeted to the myctranslation initiation codon (559-573) induced MRNA expression is reflected in reduced MYC protein levels at 4 h
undesired cleavage vitro (43), non-target sites 1147-1161 and (Fig. 2B). It is clear from Figure?2A and B that 2QuM control
1264-1278. Pilot experiments were then performed whereligonucleotides suppressedmgc gene expression to similar
phosphodiester 15mer oligodeoxynucleotides targeted to positioBstents as was observed with the antisense sequence 2igamd
559-573, 1147-1161 and 1264-1278 ohyz mRNA were D show that 24 h after treatment with 281 antisense, sense or
delivered into MOLT4 and KYO-1 leukaemia cells, using SLOjnverse antisense C5-propyne phosphorothiodigoroer, all
and the resultantmycmRNA expression evaluated. Subsequentlysamples show essentially equivalent suppressiomytcaRNA
20mer phosphodiester oligodeoxynucleotides directed to the tvgp protein expression. Samples treated with @\ oligo-
most active of these regions (557-576 and 1147-1166) weggoxynucleotide show no significant reduction imgemRNA
compared to 20mer phosphodiester effectors targeted to sitg@sSprotein level, whereas samples treated wifa\VR effector
which were predicted by computer to possess open logResent results intermediate to that obtained with 0.2 ap¥20
secondary structures (378-397, 1244-1263, 1287-1306 ande|| growth was adversely affected in samples treated with high
1575-1595) for inhibition of eaycmRNA expression, following  ¢oncentrations of C5-propyne phosphorothioate compounds. In
i‘g_ﬁ%\gery' These detxperltn;ents t!ndlcatedll that }het.crieg'%e experiment detailed in Figizeontrol cells SLO, reversibly
was a good target for antisense ofigonucieotides. permeabilized without oligonucleotide in the extracellular medium,
proliferated normally and increased in number by 72% over the
24 h analysis period. In contrast, cells permeabilized in the
C5-propyne pyrimidine modified oligomers (Fitj. 44-46) have  presence of 2QlM antisense or control sense or control inverse
very high RNA heterodupleX;s, are active at sub-micromolar antisense decreased in number over this time by 20, 3 and 21%,
concentrationdn vitro and can elicit specific antisense effects.respectively.

C5-propyne pyrimidine oligomers
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Figure 2. Graphs showing the expression ahgemRNA and protein, relative
to SLO-only control, in human leukaemia KYO-1 cells following delivery of
antisense (closed diamorig,and control inverse antisense (closed squ#je, Oligonucleotide concentration (uM)
and control sense (closed triangl®) 20mer C5-propyne phosphorothioate
oligodeoxynucleotides. KYO-1 cells were suspended in RPMI-1640 growth
media containing 0.2, 2 or 20M oligodeoxynucleotide and reversibly
permeabilised by SLO as described in the Materials and Methods. Samples wer
removed 44 andB) and 24 h€ andD) after the start of the experiment and
analysed by northern blotting fomeyc mRNA expression (A&andC) and by
western blotting for MYC protein expressiongBdD). No difference in activity

at suppressing the expression afigemRNA or protein at either 4 or 24 h may

be distinguished between the antisense and two control oligomers. The numbe
structure and sequence of the compounds is detailed in Table 1 and Figure 1.

0 5 10 15 20 25 0 5 10 %5 20 25

Figure 3. Graphs showing the expression ofmge mRNA, relative to
LO-only control, in human leukaemia KYO-1 cells 4 and 24 h following
elivery of 20mer antisense oligonucleotides. KYO-1 cells were suspended in

RPMI-1640 growth media containing 2 or 20M oligonucleotide and

reversibly permeabilised by SLO as described in the Materials and Methods.

Samples were removed 4 (Aa8dE) and 24 h (B, andF) after the start of
he experiment and analysed by northern blotting faycmRNA expression.
ata from three experiments are presenteeB(AC+D andE+F), each using

10 (closed diamond, chimeric, phosphodiestem&thoxytriethoxy termini,

phosphorothioate’2leoxy ribose centre) as the common compoukidand

. . . . (B) The results obtained frod0, 5 (open circle, all-phosphorothioate) ahd

C5-propyne oligodeoxynucleotides were examined in a Systefpen triangle, all-phosphorothioate}) @nd(D) The results obtained frohd,
relevant to futureex vivopurging of CML bone marrow. In 7 (closed circle, all-phosphorothioate, chimeritjrthoxyethoxy termini,
contrast to the highly specific results published elsewhertg"deoi‘]y ”b‘r’fe centre) ""28 (ﬁpe”h.sq‘f‘:dr;’ Ch'.’;;e”c’ phOS)E?"d'sSter

: ) e . "-methoxyethoxy termini, phosphorothioated2oxy ribose centre)Ef an

(44_46)' we fOU”F’ SubStamlal non SpeCIflc aCt'\_/'ty' mdeed',t,he(F) The results obtained frorh0, 9 (closed triangle, all-phosphodiester,

data presented in F'Q_U'?;' Sh_OWS that no antlsens_e-speuflc chimeric, 2-methoxyethoxy termini, '2eoxy ribose centre) arid (closed

component could be distinguished for the suppressiomofcc-  square, all-phosphorothioate, chimeriangthoxytriethoxy termini, '2deoxy
mRNA and protein expression either 4 or 24 h after treatnignt  ribose centre). Note that oligomérsl1 contain 5-methyl cytosine in place of

20 pM C5-propyne oligodeoxynucleotide This concentration 0fcytosine. Only9 displayed appreciable activity ai®1. The number, structure

. . ) - and sequence of the compounds is detailed in Table 1 and Figure 1.
oligonucleotide was also found to be non-specifically growth
inhibitory.

Specific antisense effects were not observed when C5-propyne )
oligodeoxynucleotides were used at concentrations belpih20 ~ as 2-methoxyethoxy 47-50) and 2-methoxytriethoxy 47,48).
At0.2 lJ.M, C_mycmRNA and protein levels were not reduced byOhgonucleotldeS constructed with these modifications not only
either of the control sequences or the antisense oligomélisplay excellent nuclease resistance, characteristic of bulky
Intermediate effects of target expression were observed whénsubstitutions £1,52), but also retain oligonucleotide—RNA
using 2uM oligodeoxynucleotide, but again no difference coulgduplexTms greater than that resulting frorh@-methyl RNA-
be discerned between the control and antisense sequefddA duplexes, whichis unusual for lardesBbstituents33,54).
compounds. We conclude that C5-propyne modified oligo- Figure3 presents the syycmRNA expression 4 and 24 h after
deoxynucleotides may not be suitable for suppression of geffbO-mediated delivery of 2 and @M antisense 20mer phosphoro-

expression in leukaemia cells following SLO-mediated deliverfhioate and chimeric "Znethoxyalkoxy oligodegynucleotides.
to the intracellular compartments. hree separate experiments were performed, each containing

three oligonucleotide species, compodifid5-methylcytosine,
2'-methoxytriethoxy phosphodiester termini and phosphoro-
thioate 2-deoxy ribose gap) was included in all three experiments
Another class of antisense effector receiving much attention is thepermit meaningful comparison. The three experiments appear
so called ‘second generation’ chimeric moleculég) (vhich  to be directly comparable, 4 h after introduction of @@ of
possess'Znodified RNA termini and a central deoxynucleotideoligonucleotidelO into KYO-1 cells camyg mRNA expression
core capable of supporting ribonuclease H (RNase H) activity. Weas reduced t6¥40%, relative to control, while gM of this

were particularly interested irrEhethoxyalkoxy structures, such compound resulted in expression [@3% of the SLO-only

Chimeric 2'-methoxyalkoxy—2-deoxy structures
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mRNA Protein The fully phosphorothioat_e.analogues were Igass active than those
; ; with phosphodiester termini and phosphorothioate central sections
100 4 A ] B (activity: 11 <10, Fig.3E and F and <8, Fig.3C and D). The one

® all-phosphodiester oligonucleotide examined in these experiments
§ was the most poten9,(Fig. 3E). It was the only one to induce
< 507 : substantial antisense inhibition afirfcmRNA expression ati2ZM.
L\ ) Furthermore, these data do not support the argument that the lower
o > ; X e X activites observed with highly phosphbdmioate substituted

oligomers resulted from reduced oligonucleotide—mRNA hetero-
) ; duplexTs, which would be expected from increasing phosphoro-
100 | c ] D thioate content 55). Both of the chimeric '2methoxyalk-
oxy—2-deoxy all phosphorothioate oligomerkl @nd7) were
less potent than the fully-Beoxy phosphorothioate conger@r (
50 4 1 despite the presence of helix stabilisifigiBose modifications
(47,48) in the termini. Indeed, in these experiments, no evidence
was obtained for increased activity correlating with increased

24 Hours

Expression relative to “No Oligo” control (%)

:/

01 j 10 100 o4 1 10 o target mRNA affinity. The two all‘Zdeoxy phosphorothioate
oligomers § and 6) displayed essentially identical antisense
Oligonucieotide concentration (M) activity despite the replacement of cytosine in @evith helix

stabilising 5-methyl cytosineéQ).

Figure 4. Graphs showing the expression afige mMRNA and protein, relative
to SLO-only control, in human leukaemia KYO-1 cells following deliverg of
(closed triangle, chimeric, methylphosphonate termini, phosphodiésteoxd/
ribose centre)d (closed square, all-phosphodiester, chimetiopé&hoxyethoxy

termini, 2-deoxy ribose centre) alé (closed diamond, chimeric, phosphodiester . . . . .
2-methoxytriethoxy termini, phosphorothioat&d2oxy ribose centre) 20mer In the light of the above observations it was considered appropriate

antisense oligonucleotides. KYO-1 cells were suspended in RPMI-1640 gromttfO €xamine methylphosphonate—phosphodiester chimeric structures
media containing 0.2, 2 or 2 oligonucleotide and reversibly permeabilised by in the same experimental system. It has previously been
S')—gnzsziesgigﬁgg)‘ ?ﬂi Mﬁfggft%?‘tih’\é'ngogrslmseifpgr']ejgrv]‘; esfzgﬁg\ﬂr?g‘f;t éem demonstrated that the methylphosphonate internucleoside linkage is
blotting for cmyc mRNA expression (AandFC):) and by Wester)r/1 bIotti)Gg for helix-destabilising, partlcu_larly_ for OIIgOHUdeo“deT_RNA hetero-
MYC protein expression (BndD). Only 4 displayed appreciable activity at ~ duplexes, and that chimeric compounds with incremental
0.2uM. The number, structure and sequence of the compounds is detailed ifieplacement of phosphodiester internucleoside linkages with
Table 1 and Figure 1. methylphosphonate residues display incrementally reduced RNA
heteroduplexis (57). Notwithstanding the reduced heteroduplex
Tmps, such compounds have been demonstrated to provide
control respectively. Figui@A and B compare an all-phosphoro- efficient and specific antisense effects when introduced into
thioate (5) and an all-phosphorothioate which contains 5-methyleultured cells 1,58).
cytosine in place of cytosir{6) to the common oligom€i.0). It Figure4 presents the data obtained when an antisense chimeric
may be seen that all three compounds present essentiaigthylphosphonate—phosphodiester with six methylphosphonate
equivalent results at both 4 and 24 h time points. The chimeniesidues at each end and a central region of seven contiguous
oligonucleotide with 5-methylcytosine, '-Bhethoxyethoxy phosphodiester linkages4)(was compared to the ‘common’
phosphodiester termini and a phosphorothioate DNA&agiso  oligomer from Figure3 (10) and the most active of thérzbose
displayed activity similar t&0 (Fig. 3C and D). An all-phospho- modified chimeric compound®) Human CML KYO-1 cells
rothioate version 08, oligomer7 (5-methylcytosine, '2methoxy-  were reversibly permeabilized with SLO in the presence of 20, 2
ethoxy phophorothioate termini and a phosphorothioate DNAor 0.2 uM oligonucleotide, or in the absence of oligomer and
gap), appeared to be significantly less active tharat 4 h  samples taken for analysis after 4 and 24 h. The data in this figure
(Fig. 3C). Similarly, the all-phosphorothioate version ¥,  demonstrates that MYC protein expression in cells 4 and 24 h
compoundll (5-methylcytosine, '2methoxytriethoxy phosphoro- after treatment with oligonucleotides (HB and D, respectively)
thioate termini and a phosphorothioate DNA gap), was alsessentially reflects the myc mRNA expression at these time
substantially less active than the common oligomer 8&@nd F).  points (Fig4A and C, respectively). Itis also readily apparent that
In contrast, the only all-phosphodiester compound in these tedfse cimyc mRNA expression (FigdA and C) resulting from
structure9 (5-methylcytosine, '2methoxyethoxy phosphodiester treatment with 2 and 2QM 9 and 10 is consistent with that
termini and a phosphodiester DNA gap), was substantially momresented in Figure3. Lower concentrations of these two
active thanl0. c-mycmRNA was almost undetectable at 4 h inoligomers (0.2uM) resulted in no observable suppression of
samples which were treated with|2@ oligomer and reduced to c-myc gene expression. In compariséghmay be seen to be
21.5+ 3.9% following treatment with gM effector. [10-fold more active thaf, with expression reduced to 17
These results clearly demonstrate that incremental replacemen0df%, 1.7+ 0.1% and 30.G= 4.0% of mean SLO-only control in
phosphodiester internucleoside linkages with phosphorothioasamples treated with 20, 2 and (@M of this methylphosphonate—
residues in otherwise identical structures, results in incrementalihosphodiester chimeric oligodeoxynucleotide, respectively.
reduced antisense potency, following SLO-dependent delivery of theThe antisense inhibition ofrtycmRNA expression resulting
oligomers into human leukaemia cells. Compounds from both tHeom SLO-mediated introduction of 20, 2 and QM 4 can be
chimeric 2-methoxyethoxy—2deoxy {, 8 and9) and chimeric seen to last for at least 24 h (M€.). The antisense suppression
2'-methoxytriethoxy—2deoxy (L0 and11) series display this trend. of cimycmRNA in cells 24 h after introduction of 2 and Q¥

Chimeric methylphosphonate—phosphodiester structures
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compoundd may be seen to be rather less efficient than those A
induced by oligome4.
Cells in which the enycmRNA and protein expression had been 100
inhibited for 24 h by oligomet displayed abnormal proliferation.
A dose dependent inhibition of cell growth was observed. Cells
treated with 20puM of this chimeric methylphosphonate—
phosphodiester antisense oligodeoxynucleotide decreased in
number by 12+ 9% by the 24 h point. Cultures from cells treated
with 0.2puM of compound! proliferated, but at only half the rate of
SLO-only control cells. Intermediate effects were obtained with cells
SLO-permeabilized in the presence @iV 4, neither proliferation
nor decrease in number between the 4 and 24 h points was observed.
To ensure that the suppression ohge mRNA and protein
evident in Figure4 and the inhibition of proliferation were
sequence-specific antisense effects a series of controls were
performed. These data are presented in Fifuiéhe samples
used to provide the 4 h mRNA data of Figdrevere also
examined for non-target MRNA expression. FiduAkepresents
the expression of targetnayc MRNA and non-target p53 and Oligonucleotide (2 LM)
GAPDH mRNAs 4 h after SLO-mediated delivery of 0.2, 2 and
20uM structured, relative to control SLO-only treated samples. The
c-mycmRNA expression in this figure represent the same data as
presented in FiguréA and are included for comparative reasons.
No significant reduction of p53 mMRNA expression was obtained at 50
any concentration tested. However, a dose-dependent reduction in !
GAPDH mRNA was observed. Examination of the GAPDH 0 —
MRNA sequence (HSGAPDR' GenBank accession number 3 15
X01677) revealed a substantial partial complementarity to Oligonucleotide (20 uM)
compound4 (over bases 965-975, ten base pairs in total and
including nine contiguous base pairs) which had the potential tfigure 5. Graph and histograms presenting the expressionmyiccp53 and

. - . APDH mRNAs and MYC protein, relative to SLO-only control, in human
direct the activity of RNase H. Lanes in northern blots probed fo[; \ -cia kyo-1 cells 4 h after SLO-dependentdelivery of 20mer

GAPDH, from samples treated with 0/ 4, demonstrated the oligodeoxynucleotidesA) The concentration dependence of undesired effects.
existence of a band with approximately the predicted size of theells were exposed to 0.2, 2 on2@ 4 (chimeric, methylphosphonate termini,
putative 5 fragment generated by RNase H cleavage of GAPDHphosphodiester'Zieoxy ribose centre) and analysed by northern blotting for
mMRNA at the site of partial complementarity with the antisense-Y¢(closed diamond), pS3 (closed square) and GAPDH (closed triangle)
. . MRNA expression. Efficient and specific antisense effects were obtained with
_ollgomer (data not Shown)-_ The antisense effectotd _also 0.2 uM oligomer. B) Cells were exposed to @M 4 or 3 (chimeric,
induced modest decreases in GAPDH mRNA expression whichethylphosphonate termini, phosphodiestededxy ribose centre) and
were broadly in proportion to their targeted reduction ofyc-  analysed by northern blotting formeyc (closed box), p53 (striped box) and
mRNA level, when delivered from 2QM extracellular ~ GAPDH (shaded box) mRNA expression and by wester blotting for MYC
. d h N rthel 1 t éo en box) protein expression. The two antisense oligonucleotides produced
concentration (data not shown). e_VE eless, no non-targe entially identical result<C) The specificity of chimeric methylphosphonate—
cleavage of GAPDH mRNA, nor evidence of reduced GAPDHphosphodiester oligonucleotide effect. Cells were exposedjit2ntisense
MRNA expression, could be detected when [0\ of the (3), control inverse antisensg5j or control sensel@) oligomers and cayc
antisense effectetwas used. Moreover, no reduction in cellular mRNA (closed box) and protein (open box) expression assayed by northern and

: : estern blotting respectively. NeithermgtcmRNA nor protein expression is
GAPDH protein levels were observed either 4 or 24 h aﬂeﬁgnificantly reduced by 2QM of either of the control methylphosphonate—

SLO'm?diated delivery of 0-2; 2 or g™ 0Iigor_ner4. Thus, t_hiS phosphodiester oligodeoxynucleotides. The number, structure and sequence of
interesting non-targeted antisense effect is most unlikely tehe compounds is detailed in Table 1 and Figure 1.

induce any physiological response over the period investigated.

Figure5B compares the potency ofi* of 4 and a very similar
methylphosphonate—phosphodiester  chimeric  oligodeoxy- Control inverse antisense (reverse polarity antiserend
nucleotide, structurg, at reducing the expression of targetye  sensel3) oligomers were compared to the antisense cong@ner (
mRNA and protein, and non-target p53 and GAPDH mRNA, 4 For their capacity to reduceroycmRNA and protein expression.
after SLO-mediated delivery. Oligom& was identified in a High concentrations of oligomer (20M) were delivered using
separate study as an efficient inhibitor ehgeexpressiony) and  SLO-mediated transfection as a stringent test of sequence
differs from 4 at precisely one internucleoside linkage, which ispecificity. These data are presented in Fi@rend show that
phosphodiester i and methylphosphonatedr{see Tabld). This  c-mycmRNA was undetectable and protein expression reduced
test was performed usingp@ oligonucleotide as it would more to 7.6 = 0.2% of control cells following treatment with the
sensitively reveal differences between the two oligoatidles than  antisense effector. In contrast, neither of the control oligo-
similar tests using either 0.2 or @M of the antisense effectors. deoxynucleotides induced substantial reductionrafycmRNA
It may be seen that the profile of these two oligodeoxynucleotides protein expression. In this experiment control, SLO-only
atinhibiting target and non-target gene expression was essentidtigated cells increased in number by ¥084% over a 24 h assay
identical. period. Cells treated with 2QM of the control oligomers

p53 mRNA

50
c-myc mRNA GAPDH mRNA
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0.1 1 10 100
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proliferated to a similar extent (9 11 and 97+ 8% for the to attack by 2methoxyethoxy chimeras than methylphosphonate
inverse antisense and sense, respectively) whereas treatment whtimeras as a result of the greater hybridisation potential of the
the antisense effector again resulted in a proliferation blodlrmer. In this case the order of relative efficacy that we have
(increase in number: £ 7%). observed might well be reversed. Or that (ii) alternative delivery

Taken together, data presented in Figdremd5 show that methods could result in a changed rank potency. For example, the
chimeric  methylphosphonate—phosphodiester  oligodeoxyligonucleotide efficacy order that we obtained using SLO
nucleotides are highly efficient and specific antisense effectorseversible permeabilisation would not be duplicated if cationic lipid
Efficient inhibition of cmyc gene expression was obtained indelivery vehicles were used, with an appropriate cell line. We have
CML KYO-1 cells following SLO-reversible permeabilization in observed aberrantly low cellular uptake of methylphosphonate—
the presence of just 0LV antisense effector and the inhibition phosphodiester chimeric molecules when using a cationic lipid
was maintained for a duration of at least 24 h. The inhibition gfreparation, relative to phosphorothioate analogues with the same
c-myc expression was sequence specific as determined by tlemgth and sequence, due to the reduced net negative charge or
absence of inhibition of non-target gene expression whervD.2 the chimeric oligonucleotide backbone (unpublished observations).
antisense effector was used. Furthermore, even after cells wéa the other hand, identical rank potencies to those described
SLO-reversibly permeabilized to a 100-fold higher concentratiohere are obtained for phosphorothioate and chimeric methylphos-
than would be required for efficient antisense effects, contrgdhonodiester—phosphodiester oligodeoxynucleotides delivered by
sequence chimeric methylphosphonate—phosphodiester oliggectroporation (unpublished observations). Furthermore, it is
deoxynucleotides did not substantially reducenyc gene possible that different delivery methods may result in altered
expression or inhibit cell proliferation. subcellular distribution and/or bioavailability of the oligo-
nucleotides. This point has not been adequately addressed in the
literature. We are performing an investigation into these factors
following SLO, electroporation and cationic lipid-mediated
delivery of fluorescein-tagged phosphorothioate oligomers into
cells of leukaemic and non-leukaemic origin.

CONCLUSIONS

We have investigated an antisense cell culture system which

highly relevant to potentiax vivopurging of CML marrows.

SLO transfection has previously been demonstrated to efficiently
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