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Experiments were carried oul to beiler charucterize antisense control of trunslation. Results in an £ coff system confirmed specilie inhibition of

poly(U) transiation. At law concenieations, certuin homopolymers (including poly(rA)) stimulated translalion. Oligo(dA,) wus inhibilory ut #=4.

Translation of globin mRNA in retieuloeyte Iysates indiested that ssDNA | 5.-mers targeted at f-globin mRNA inhibited both e« and fsglabin

pradustion. Sequences targeted immediately downstream of the AUG were the leas! effeetive in inhibition. Thess and other anomalies are discussed
llere in refation 10 those af others, emphasizing cuution in perfamiing untisense experiments,

Antisense: Translatianal regulation: DNA ofigamer: RNA sligamer

. INTRODUCTION

The ability to control translation in a well defined
manner could open the door to vast advances in the
study of gene expression and in the treatment of discase.
Antisense oligonucleotides act directly and indirectly
through base pairing of their complementary sequence
to the target. Unlike antibiotics, hormones, proteins,
and the like, antisense oligomers function by well char-
acterized interaciions and are. therefore, & prime candi-
date for molecular design. The concept of using comple-
mentary nugleotides for targeted interactions is not a
new one; but, the idea did not become popular until
recent advances in DNA synthesis made oligomers
readily available. It seems that Qchoa's group, in 1261,
may have been the first to show that antisense molecules
could be used to control protein synthesis {1]. While
studying the genetic code in an £. coli translation sys-
tem, they cletermined that pely A completely inhibited
poly U«dependent synthesis of poly-phe. Early on, Rus-
sian biochemists suggested the use of the specific inter-
action of DNA with RNA to alkylate a specific se-
quence within that RNA 12]. [n another use. antisense
oligamers were made against various regions of tRNA
in order to determine their function during aminoacyla-
tion [3.4]. Dne of the first uses of antisense DNA to
inhibit translation in eukaryotes was that of Paterson
and Bishop [5]. They made cDNA from chick embryo-
muscle mRNA and hybridized it to the mRNA in order
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to determine the protein products of the abundant
mRNA clusses during embryogenesis. Using rabbit
reticuloeyte lysates, Paterson et al. [6), und Mastic and
Held {7), showed that a- and #-globin translatien could
be specifically arrested by hybrids of plasmid DNA
fragments 10 mRNA, hence the term Hybrid ARrest
Translation. HART. In addition, adenovirus-2 DNA
fragments were used in HART to determine the location
within the genome, of various protein-coding regions.
Although HART resulted in complete and selective in-
hibition of translation, this was achieved using long
double-stranded-DNA fragments with hybridization to
the mRNA prior to protein synthesis. The double-
strunded DMNA. fragments used for HART required spe-
cial incubation conditions in order to promote
DNA:RNA hybrids without re-annealing of the DNA
strands. These requiremenis are not suitable for in vivo
experiinents or for clinical treatment. Therefore. shert
single-stranded antisense deoxynucleotides were synthe-
sized and used to control gene expression in vivo. Thus,
Stephenson and Zameenik showed that hybridization of
antisense DNA 20-mers 1o Rous Sarcoma Yirus mRNA
inhibited its translation [8]. viral replication, and ceil
transformation [9]. The large number of recent ad-
vianees in antisense have been thoroughly covered in
recent books [10.11] and review articles [12,13].
Despite the wide usage of anti-mRNA nucleotides in
vitro and in vivo, their interactions have only been par-
tially charucterized, and nearly every system presents
anomalies. In addition, many studies are concerned
only with the immediate effect of anti-mRNA nucleo-
tides on each biological system. In this communication,
using in vitro polypeplide synthesis systems, we exum-
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ined the details of conditions under which anti-mRNA
nucleotides caused inhibition of polypeptide synthesis,
The experiments were performed under condilions
where ongoing protein synthesis can be inhibited by
antisense. These conditions are desiruble for the selec-
tive inhibition of certuin protein synthesis clinically as
well as biologicully. In the E. cofi sysiem, using ho-
mopolymers of ssDINA or RNA, we showed that inhibi-
tion af trapslation occurped within 4 min and often
reached 100% at ratios of sense to antisense of much less
than one. However, we observed unexpected stimula-
tion of poly-U translation by low concentrations of poly
G. poly A, and oligo (dA)s.,. although not with poly
dA. In rabbit reticulocytes, there was crossaver inhibi-
tion of a-globin synthesis by anti-8-globin-mRNA oli-
gomers, Tandem oligomers in the initintion region aof
the mRNA could stimulate synthesis of the alternate
glebin molecule. These results and those of others rule
out a simple optimistic outlogk on the use of antisense
oligomers. und antisense experiments must be per-
formed with full consideration for the effect of antisense
molecules, including unexpected anomalies.

2. MATERIALS AND METHODS

2.0 Kvbrid arcest in the €. coli transtetivn sysiem

The i5-30 extruct of £ cali was prepared essentially ax dessribed
f14). The £ coff uied were mid-log MREGCO abtained from Grain
Praocessing Carp. (Museatine, [A). The ¢oncentration of the iS-30
extract was 54 mp/ml. Trunslalion using the iS-30 wax carried out
essentially as originglly deseribed [14], The final reuction mixture (42.4
sh comained: 30 mM Tris-HCi pH 7.8, 10mM MgAc,. 1L.EmM AT,
0.15 mM GTP. 3.9 mM PEP. 120 ng/gd pyruvate kinase, 70 ag/ul
leugeverin, 127 mM NH.CL 1B mM KCL 3.3 uplul £ coli tRNA
(Schwarg/Mann), 6 mM S-mereaptoethanol, 2,75 nCisa of [MClphe
(Schwara/Mann), and {32 or 1 3.2 ng/ul poly U or poly A and anlissnss
RNA or DNA (in the concentrutions indicated), and 7.3 xg/ul i8-30
(s deseribed ubove). Priar to iS-30 additian, the polential antisense
nugteotide. poly U. ind reaction mixiure were incubited in a volume
of {36.7 1) for 3 min ut 37°C. After the preincubition, the i8:30 was
added and further incubation was carried aut ut 17°C ror 35 min. In
some experiments, no preingubation was performed. but inhibition
wis observed very quickly after addition of antisense nusleotide, Un-
less indicated, uliquots of 40 gl were taken from cach reustion mixture
and rudiosctivity wus determined in hot TCA-insoluble material [{5].
In some experiments. poly A und [“Cllys repluced poly U and [“Clphe
for translation, Assuy of polypeptide synthesis required sodium tung.
slate/TCA precipitution since poly:lys is soluble in TCA [16).

1.2, Mybridarresicd transtation i rabbit reticulucyee lysates

Rabbit reticulecyte fysates were prepaced aceording to the metheod
of Pelham and Juckson [17]. Small uliquots of the lysate (stored at
=70 C} were treuted (¢ remove eadogensus mRNA by incubation af
each 400 g} ut 20°C for 15 min with 5.3 ul, 7.6 mg/ml CPK: 4 ul, 100
m CaCly and 12 2, 2 U/l micrococeal nuclease. Alter incubition,
8§ ul of 100 mM EGTA wa added (o inactivate the Ca™-dependent
nucleuse, nnd the tieated lysate was kepl on ice.

Translation was carrisd out nil 30°C for 30 min in a 30 gl reaction
mixture which centained: 10 &l ol an encrgy mix. 3 a4l of 10 or 50 ng/uel
rabbil slobin MRNA (RRL), the insdicuted amount of single-strandaed
DINA oligomer, und 10 u! of lysuie. The anergy Mix contuined 63 mM
HEPES. 35 mM CrPQ,, 6.3 mM DTT, 0.1 mM amino acids minus
methionine, 0.2 mM KAg, 3.3 mM MpAg,, 150 ug/ml spermidine, and
2.3 1 MS]methionine (302 4Ci). When the trunslation was camplete,

364

FEBS LETTERS

September 1992

aliuots of § ul were remaved frons cuach reuction mislure (ar use in
TAUPAGE (see below) and (ar detection af hot TCA-insoluble radis
oactive material (13). Filiers far deteetion of prowein synthesis in the
rabhil reliculoeyte system required stightly different treatment dug 1o
the quenghing cffect of the glabln molecule {17]. Hetween the TCA
precipitations and the MeO# wash, the filters were incubinied at room
temperiture for 3 h, with decalarizer conlaining 60 ml, 10% TCA, 30
ml, 30% H,0,, und 10 mi, 88% HCOOH,

2. Triten XeJ0O acied urca palypcrylumide clecirophoresis {TAL-
PAGE)

TAUPAGE was carried out in order to quantiute a- und giglabin
synthesis during hybrid-ureesied trunstution in ihe rabbit reticulacyte
system, The procodure was carried out essentinlly yx descrited by
Rovera et al, [IK]. The .5 mm-thick gels were formed und run using
a Madel 200 apparntus from Aqueboagus maching shop (Aguebogus.,
NY). The icparnting ge! (80 mi} contained 24 ml ascrylumidesbis.
aerylumide (29.8%/0.2%); 3 ml, glacial acetie acid; 21.6 g uren; S.6 ml,
20% (wiv) Triton X.100; 360 g, ummoniugm peroxydisuliute; 300 ul
TEMED: and deianived water, The poured gel wis overlaid with 5%
aeetie ueid aud was allowad 10 palymerize for ut least one hour. The
stacking gel (A0 ml) contulned: 6 ml, uerylumide/bis-acrylumide
(29.8%0.2%); 1.5 ml. glacial aecticacid; 10,8 g, uren; 2.8 ml, 0% {wiv)
Triten X-100: 340 g, ammonium peroxydisulfate: 300 2 TEMED;
dnd deianized water. The gel wis nllowed to polymerize for ul leust
4 h

Aller preparstion. gels were fisst pre-clectraphoresed in 5% aeatic
acid running solution, 41 200 Y for | b, Then, 28 21 of | M eystenmine
wits added (o eaeh well. and presclectrophoresis was eantinued a1 90
V for 45 min with fresh running selution, Sample bulfer (2 mi) wix
stored in small aliquots und contained 0.48 g urea., 100 gl g-mercup-
tocthanol, 20 4l 0.2% pyronin Y. and a lina} soncentrution of 5%
acctic ncid, A 1 (o 5 4l aliqual of the reaction misture for glabin
syuthesis was mixed with 20 4 of the abave sumple bulfer and was
ndded o wells after they were washed aut with running solution,
Electraphoresis wis from snode to eathede at 150 ¥ for 16 b, The gels
were stiined with 0.2% (wiv) Coomuasie brilliant blue B in 50%
MeQH: 7% acetic ucid [19). Swining was carried oul for at feust 1 h.
aml wus followed by destaining in repeuted changes of 30% MeOMH: 7%
acetic acidd until the background color wius removed. The gels were
dricd overnight and subjested to autoradiography directly on the titm,
at =70* C. The resullant autoradiograms were ssunned using o
Shimadau CS-930 TLC demitomeler, nnd the 2- and S-glabin bunds
were then quantitated using o Biaguant Digitizing Marphometry Sys-
tem,

24, Antisense oligemucleatides used i the reticilocyee Sysiem

The oligomers used in the rabbit reticulosyte system were synihe-
sived by Applicd Biosystems (Faster City, CA), These aligonuglea-
tides were greader than 99% pure by reversed-phase HPLC, Six cam-
plementury DNA sequences were chosen aecording (o the & and §
globin MRNA scquence; two 15-maers cich were chiasen ta hybridize
in tandem, immediiely following the initiation AUG of 2- ar B-glabin
mRNA. {g,. n.t. 40-54 und &, nt. 35-69)(3,. n.t. 57-71 and Gy, n.t.
12-t6). One 20emer ciach wias chiosen within a coding reglon of low
sccondary structurs within the a- and f-globin mRNA (a,. n.t. 196~
2L and By ot 2212-241) The sequence {or these oligonucleotides,
and thelr expected position al hybridization are listed in Table L,

3. RESULTS

3. Amrisense studies in (8-38 extracts af E. coli

3.1.1, Stimulation of poly-U translution by untisenss
RNA und other RNA homopolymers

The initial studies on the effect of antisense were car-

ried out by addition ol RNA homopelymers to u paly-U
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Fig. 1. RNA homopolymees a3 antis¢ase inhibitors of poly-U trunsla.
tion in vitro, Translation af paly U in i8-30 was curried out as de-
scribed in section 2. The reuction mixtures {(42.4 ul) contuined poly U
at o final concentration of 132 ng/ul. The RNA homopalymers were
added at various final concentrutions as indicuted in the figure. Aler
a 2min pre-incubation of poly U with single-stranded RNA, at 37*C,
i5.10 was added. ind the reuction mistures were further ineubiuted for
35 min. Aliguots of 40 u) were then tiken from esch reiction mixture
and sadioactivity was delermingd in the hot TCA-insaluble maerial,
{“Clpoly-phe synihcsis is indicated in epm#0 g1, The polyribonucleis
acids used were: o7, poly A1 O-D, poly C: =4, and poly G. [n one
sct of reactions, *=*, paly U and poly A were added in a 11 rutio at
various coneentrutions up to 132 ag/rl.

translation system in iS.30 extracts of £ coli. Fig. |
indicutes the extent of poly-U translution when various
amounts of homopolymear were added. Trunslation is
shown as [**C)phe incorporated into hot TCA-inscluble
radioactivity. While poly-U translation was completely
inhibited by the addition of equal amounts of poly rA.
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this degres of inhibition was not seen with cither poly
G or poly C. When the ratio of poly U to poly A was
kept at 1:1, complete inhibition of poly-U translation
eccurred at all concentrations used. Although these re-
sulls were expected, two unexpected observations were
made in this experiment. The first was that poly A, when
added ut low concentrations, stimulated poly-phe syn-
thesis rather than inhibiting it. The second was that this
stimulation wus not limited to antisense nucleotides,
Poly G stimulated poly-phe synthesis by almost twofold
ut ¢very concentration used. Not every homaopolymer
stimulated the poly-phe synthesis, however. Thus, no
such stimulatory effect was observed with pely C. It
should be pointad out that in the absence of poly U, no
stimulation of poly-phe was observed with these ho-
mopolymers (in confirmation of classical work by Ni-
renberg and Matthei [14]) (data not shown). The stimu-
lation by poly G was further examined over a wide
range of Mg®* concentrations in an effort to better un-
derstand its mechanism. Table 1 lists the amount of hat
TCA-insoluble rudicactivity detected in the poly-U sys-
tem at vurious Mg** concentrations in the presence and
absence of poly G. While the poly-G stimulation was
dramaticat |0 mM Mg*. it did not eccur at 15 and 20
mM. It is clear that the RNA homopolymers may be
used to inhibit poly-U translation in a manner consis-
tent with base-puiring specificity; however, the finding
of specific stimulation of poly-phe formation by certain
unrelated nueleotides us well as antisense nucleotides
indicates an unknown parameter which must be taken
into account in antisense experiments.

3.1.2. Inhibition of poly-U translation by antisense
DNA homopolymers — lack of stimulation

In addition to using RNA as an antisense inhibitor

of poly-U trunslation, ssDNA was also used. Fig. 2

demonstrates the speeificity and concentration efTest of

Tuble [ Table I1

Poly-G stimulation of poly-U Iranslation at vatious Mg conceniri- Sequence und af antisense oliponusleatides used for inhibition of

tions rabhblt globin mRNA Lranslation in rabbit reliculocyle lysales
miv Mg*” Poly-U translution (epm/dd 41)  Change duc ta Notation Sequense Posilions
final poly-G addition malched in

-poly G +poly G globin mRNA
12 31138 94,763 +63.648 Q 5. AGC-GGG-AGA-CAG-CAC-Y 40-54
15 99,290 91,218 - BOS a; §.GAT-GTT.GGT-LTT-GTC-¥ 55-69
0 63,307 61,527 - 6.780 oy 5..CC.GTG-GGC-TTT-GAT-CTG- 196-211
25 26,699 44,556 +31,857 CTC-¥
10 11,766 24,732 +12.966
B, “ACT-GGA-CAG-ATG.CACY §7-71

Translation of poly U in iS»30 was carried out a5 described in seetion 2, 5-CGC-AGA-CTT-CTC.CTC-3 72-86
2, The reaciion mixtures {42.4 ul) conlained poly U ati a final concen- B, §'--GC-CTT-CAC.CTT-AGG-ATT- 222,241
teatich of 132 np/ul and poly G al a finul concentration of 13.2 ngixl, GCT-¥

After a 2 min incubation at 37*C, i5-30 was added, and the reaction

mixtures were insubated for an additional 35 min, Aliquils of 40 u!

were tuken from each reaction mixture and radioactivily was deter-

mined in the hot TCA-insoluble material. Fuch value is the mean of
tWo experiments.

These sequences were chosen from the Enawn sequence of rabhit &«

und B-glebin. The posilions for hybridization of the antisense oli.

gomers 16 mMRNA are indicated as nucleotide position an the mRNA,
with position 1 being the first A within the CAPR.
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ssDNA on trunslation. As shown in Panel A, poly dA
readily inhibited poly-U trunslition while poly dT was
completely ineffective. In contrast, poly dT wus com-
pletely effestive in inhibition of poly-rA translation. as
shown in panel B, This inhibition occurred even when
the antisense strand was present at only 1/4 the concen-
tration of the messuge. Contral DNA, which should net
hybridize with pely U, was used and results ure shown
in panel C. Either native or heat-denatured calf-thymus
DNA was added to the poly-U translation system. Al-
though the double-strunded calf-thymus DNA clearly
had no effect on the degree of trunslation, the denatured
calf-thymus DNA irhibited poly-U«dependent poly-phe
synthesis by abeut 20% at a ratio of 111 with poly U.
We cun conclude that ssDNA was more effective than
RNMA for inhibition of iranslation, und that it wis spe.
cific for its antisense strand, The slight inhibition (20%)
observed with single-strunded culf-thymus DNA was
probubly the result of its random sequence which may
hybridize with the homopolymer. An impertant differ-
ence belween these experiments and those deseribed in
Fig. 1 is the lack of stimulution by any of these hamo-
DNA polymers, The stimulation observed by untisense
RNA homopolymers was not abserved at all with anti-
sense DNA polymers.

The expected inhibilion by antiiense DNA lo-
mopolymers wis observed without preincubation. as
shown in Fig. 3. In this experiment, a kinetic anulysis
of untisense DNA inhibition was performed. At avery
point after poly-phe synthesis hud begun, poly-U trans-
lation wus campletely inhibited within 4 min by addi-
tion of poly dA in a L:l ratio with the message. Inhibi-
tion continued for at least 15 min afier poly-dA addi-
tion. For DNA homopolymers in vitro, we may con-
clude that inhibition of protein synthesis by untisense
strands was very fast and was stable for a signifieant
length of time.

[ ol

Fig. 2. Single-stranded DNA hemapolymers us ublisense inhibitors of
poly-U trunslation in vitro, Transiation in i5-30 was curried out us
described in keclion 2, The reaction valumes in cach experiment were
42,4 pl. After o 2 min pre-incubution of poly U with homopolymers,
at A7°C, i8-30 was added, und the reaction mistures were further
incubated for 33 min, Aliguets of 40 41 were tuken from each reuction
mixiure and radionctivity was determingd in the hol TCA-inseluble
material, The umount of paly-phe or poly-lys synthesized ix indienied
in epnd0 ul. Panel A. Poly U was present at a final coneentration of
13,2 ng/ul, Reactions were carried autin the presence of poly dA (5-43)
or poly dT (@-#). Puael B. Poly A was transluted and was present at
# final congentration of 13.2 ng/ul. Reactions ware catried oulin the
jasence of various congentrations of poly 47T, vy indieniad  Polp-lys
synitesis was delermined using Sodium Tungsuite and TCA for pre-
cipitalion as desetibed in section 2. Panel C. Poly U wis present at o
fnul concentration of 132 ngll. Cull’ thymus DMA, either nutive
() or denatired (@-8) was added at the indicined coneentrations,
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Fig. 3. Time ¢aurse of inhibition of paly-phe synthesis by poly JdA.
Translation of poly U in iS-]0 was carried out ux deseribed in section
2, The reattion misturex (#4.4 21} contained poly U al o finul conesns
tration of 132 ng/ul. Euch reuction was staried by the addition of i8-30
i theabsence af wn ansiizense sirund. After polyphenyialunine: formas
tion far O, 500 L, -9 2 7= 4, - 8, 02 and 10 min, B-0:
poly rA (132 npil) was addded and the incubation was continued ol
I C. Aliquiis of 10 gl weee taken (ram the reaction mixtures 1 the
indicuted tmes and were treated 1o determine radicaciivity in the hot
TCA-inseluble materinl. Polysphe synthexis is indicated in cpm/Ml ul.

3.1.3. Determinution of the effective size of poly dA for
inhibition of poly U-dependent poly phe forma-
tion — stimulation of poly-phe by antisense
deoxy oligomer

The experiment shown in Fig. 4 was carried out in

order to determine the shortest antisense oligomer
which is effective in inhibition. These data were col-
lected using the poly-U translution systen and antisense
oligomers of dA between 5 und 9 nucleotides in length.
The translation of poly U was partially inhibited by d A,
und was effectively inhibited by dA,. In contrast to the
results with antisense DNA homopolymers, a distinet
stimulatien of paly-phe synthesis was observed with
antisense oligo DNA. As in the case with antisense
RNA poiymers, the inhibition was observed only with
low concentrations of added antisense oligo DNA. Itis
apparent that the stimulation was alsa dependent upon
length of the antisense strand. The effectiveness of oli-
gomer in stimulating translution increased between dA,
and dAq at a length of eight, inhibition began to over-
come this stimulation.

3.2, Antisense stuelies in rabbitereticulocyre [ysates

In order 1o determine the 2ffect of antisense olizanu-
cleotides on eukaryotie translation, various synthetic
ssDINA oligomers were added to rabbit reticulacyte ly»
sates using rabbit globin mRMNA uas an cxogenous mes-
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Fig. 4 Effest of (UA), length und concentralion on its inhibition of
poly-U transtation. Translation of paly U waus carried out in iS-30 us
deseribed i section 2, The reuction mixiures (2.4 u1) comained poly
U at u final concentration of 132 np/ul. The singlesstrunded DNA
oligamers were added al vurious finul concentruations us indicsted in
the figure, Alter i 2 min insubation st 37% C, iS-30 wus sdded, and
the renetion mixlures were insubuted for an additional 35 minutes,
Aliquals of 40 1l were tuken {rom euch reaction mixture, and radioac.
tivity was delermined in the hot TCA-insoluble materisl, The extent
of poly-phe synthesis is indicsted in epm/30 pl. The {dA), oligomers
wsed werss U0 GAG TT dAL SN dA -8 dA und = dA,

sage. As shown in Table [I, three types of antisense
ssquence were selected for both @ und S-globin mRNA,
Without repurd to mRNA secondary structure, ol-
igonucleotides were used which corresponded to the
first 15 nucleotides immediately downstream of the
AUG (&, and £,). and the next 15 nucleotides down-
stream (e, and 8,). In uddition. a sequence was chosen
which wus complementary to a similar position in the
middle of the @ or #-globin mRNAs (&, and §,. respee-
tively). In this latter case, the positions were chosen
from regions of the mRNAs which, according to
Zuker's leust-energy RNA-folding programs [20]. were
involved in a low degree of intramelecular buse pairing,
Table 1 shows the degree of &- and f-globin produc-
tion in the presence of these three types of antisense
sequences. The amounts of a- and §-globin production
were quantituted by densitometry of auleradiograms
using TAU-PAGE gels of the final reaction mixtures.
In general, it may be seen from Tuble LI that antisense
oligomers designed against a-globin mRNA specifically
inhibited @-globin synthesis. The expected results of an-
tisense theory stopped here. First, contrary to the gen-
eral notion. the most effective antisense oligomer was
not &, (near the AUG). Second, we observed as much
as 24% stimulation of f-globin synthesis by a@,. The
third anomaly was the inhibition of a-globin synthesis
by oligomers turgeled ut S-globin mRNA (8. £.. and
3. Inhibition of a-globin synthesis was often equal to
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that of £-alobin, The fourth and most strange anomaly
was the sudden appeurance of specificity by £,-8, while
independent use of these individual oligomers resulted
in non-specific inhibition. [n addition, this inhibition of
B-globin synihesis by 8,-8, was significantly reduced by
the presence of @,-@,. These findings, general inhibition,
lack of dose dependence, und even specific stimulation
of protein synthesis by antisense oligonucleotides, could
result in serious alteration of the expected osutcome of
an antisense experintent und suggest that this technique
be used with great care so us to beiter understand any
secondary effects.

4. DISCUSSION

1t is generally accepted thut antisense molecules have
great potential for use in experimentul gene regulation
in both reseurch and clinical applications, Despite wide.
spreud use af the technigue and an understanding of its
specilicity [10.11] — Watson and Crick buse pairing ~it
sufters from many unknowns. Qur data was collected
from well eharaeterized in vitro systems under standard
conditions, As described in section 3, both prokarystic
und eukaryotic representative svstems were studied. We
set out to characterize anti-mRNA inhibition of trunsla-
tion und to show its specificity. However, though the
expected results were obtained in many cuses. both the
prokaryotic und cukuryotic systiems produced results
indicuting that additional caution should be exercised
when conducting antisense experiments und interpret-
ing their results,

The iS-20 extract from £, coli is relatively simple and
is ulmost entirely dependent upon exogenous mRNA
for translation. In general, the inhibition of translation
in this simple system was consistent with base-puiring
specificity, However, low cancentrations of the anti-
mRNA (poly rA and olige dA, but not poly dA) signif-
icantly stimulated poly-phe synthesis. This stimulation
was observed with poly G also but not with poly C. The
observation that a slight increase in Mg*™ abolished the
stimulation suggests that these homopolymers caused
structural changes in the ribosomes or an alteration of
affinity between translational components. It is unlikely
that the homopolymers are simply protecting poly U
fram digestion by nuclease since the stimulation was
nuclectide specific (poly C did not stimulatel.

Anomalies observed in antisense inhibition of trans-
lation were not limited to the prokaryotic system. The
effect of antisens2 oligomers on translation in eukarya-
tes was studied in rubbit reticulocyte lysates, and at least
three types of inconsistencies were observed. The first
wils non-specific inhibition by antisense oligomers, We
observed specific inhibition of globin synthesis by a-
giobin aniisénse oligomers {&,.;); however, individual
f-antisense oligomers (f,.,) caused inhibition of bath
g-and B-globin synthesis. Dash et al. obtained similur
non=specific inhibition (data was not shown) and at-
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templed 10 axplain these results by suggesting that a
60% complementarity found bstween a-globin mRNA
and their S-globin antisense 30-mer was encugh for this
inhibition [21]). However, us may be seen in Table IV,
the only pluce of complementarity of »80% is that for
@, at position 394 of the S-globin mRNA., In fuct, there
is only one obvious difference between the regions of
complementarity for the @ and # untisense oligomers on
their opposing mRNAs. Each of the § antisense oligom-
ers hus 6 or more sequential nucleotides complementary
to the $-nontranslated region of the a-globin MRNA.
in contrast, none of the @ antisense oligomers has more
than 3 sequential nucleotides complementary to the 8-
globin 5-nontranslated region. While there ure several
sequences where cither the & or 8 antisense oligomers
could hybridize within the coding regien of their oppos-
ing mRNAs, we might expect that thess hybrids would
be cusily removed by the elongating ribosome. Good-

Tuble LI

Inhibition of rubbit-globin MRNA trunslution by speeific aligo-
deoxynucieotides

Antisense Amount Pereent inhibilion
aligomer ndded (ag/sl }
&-glabin B-glabin
a, 40 15 -1*
10 XN K
p 12 q*
0.4 27 ge
[ 40 5 -2
10 47 4¢
2 43 4
- 40 36 —-i*
{0 k1 -
2 29 -6
B 40 ki M
10 a7 kU]
2 52 58
4. <0 6 67
10 85 G4
2 14 74
Ji 0 -12 19
16 19 k]
2 20 44
a3 40 74 ~10
10 66 -
2 3 or
04 26 Qe
B.B: 40 3 3k
10 20 »
2 2 —4e
e, b s 40 6 25
10 79 k1]
2 59 K}

Flybridizution of short DNA sequences camplementary {o rabbit
und 8 globin RNA was cirried out as deseribed in section 2 in a
resciion conlaining: 75 ng of rabbit glabin mRNA, the indicuted
soweunt of slisemar (4ae Tuble L) Maastive valuec conresent gtinules
tion of synihesis.
*These vitlues do not represent sigaificant inhibition/stimulation since
u typical stundurd devistion (8.D.) wus about 15%, The stimulalion
of B-glebin synthesis by a,&. i 40 ng/ul had o 5.D. of only 9.8,
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Tuble 1V
Complementarity between the globin mRNAs und their aniiscnse aligomers
a-globill mRNA
10 20 % ’1' @ 38

m‘rawmmumwmwmww

& 196
»

T suborl ir e e J it MGt ARGARLIES
B0 ACGTAGA CABGTER ucmmmmmcmmtﬁm G .crccrcrm.r'rmwm‘
¢ayaere cictidacacic (83} TaéTrageatfilhéTTcl
¢8,3Te GfrAddaTrctacitite
0 o 308 w o
o+ AR GEUCCGUGUGCATCCEAUGAMARICAA GCUCCUGLICCCACUGEE , + . GUGAMAICA CCCCUGCOOUGACUGCCUCE . . GUUAGELGA, . . BT Y(A)
£8,3 CACGTAGACAGSTCA 8y redfradiartétaditeds
€4,) TiarrAceaTTEtAGH ceg
fi-globin mRNA
! 10 e 30 40 ’3 57 T2 % 22 P73
9 L L ] -
d‘m‘c’ammummmmnmmuwm GGAGAAGUICLC
CACGTAGACAGGTCARTCCTST TCAGACGE TCATTAGGATTECACTTCCG
s 4o s+glebin ssquences hybridize within the 8 lexdsr.a » - 8, ] (3 h -
259 249 252 31 :m 551 m m m m
L ] L ]

L .
« + JAGMEGUECGECUGE CUVCAGUGA . . . CLRUGTACAACQUCAAAGLCACCANG DY, . mmwmnm mumw...mw...mmu

(1, CACGACAGAGGGO0A ca;3 CTCGTETAGTTT GGG GED

(c.?CTﬂTtCTGGTTﬂTAG {81

child et al. (22) found specific inhibition by f-globin
antisense oligomers surrounding the AUG (n.t. 56-75)
in contrast to our results {n.t. 57-71) und those of Dash
et al. (n.t. 270-200) [21]. Goodchild ot ul. suggested that
the use of very high concentrations cnused the lack of
specificily observed by Blake et al. [23]. This may be the
cause of our non-specific inhibition since our maximum
oligomer cancentration in the case using the individual
B antisense oligomers was 100 M. In order to explain
the non-specific inhibition of both globin chains by only
one a- or B-globin antisense oligomer, Blake et al. had
suggested that inhibition of synthesis of one chain leads
to inhibition of the other by some physiological mecha-
nism [23]. However. no molecular explanation of such
a mechanism has been offered. It is possible thut these
anomalies may be caused by the subtleties of the three-
dimensional structure of the mRNAs, therefore taking
into account inter- and intria-molecular inleractions
[24-27. In some cases, antisense oligomers have been
shown to be completely non-specific in inhibiting
mRNA translation [28], To further complicate the situ-
ation, unlike the individual S-globin antisense oligom-
ers, tandem oligomers immedialely downstream of the
initiation codon acted specifically to inhibit §-globin
synthesis (Table 111, #,8.). The mechanism far disap-
pearance of a-glokin inhibition by the addition of a
second @-glebin oligomer in tandem is not presently
understood.

The second anomaly observed was that the degree of
inhibition by #-globin antisense cligamers often was not
dependent upan the concentratien of the cligomer.
While ii is expected to get a dose-dependent response
batween the antisense oligomer and its effect, Good-
child et al. [29] und Bertrand et al. [30) indicated some
erratic results with certain oligomers. This type of resiult
seemed random and has no adequate explanation at
present. The third anomaly observed in our eukaryotic
system was, us discussed in the prokaryetic section, the
stimufation of translation by antisense oligomers. In
our system, under conditions where a,a,-globin anti-
sense oligomers caused the greatest inhibition of a-
globin synthesis (i.e. at 40 ng/ul). B-globin production
was stimulated. Somewhat different stimulation was ob-
served by Bluke <t al. who used antisense to the 5%
noncoding region of f-globin mRNA in wheat-germ
extracts and rabbit reticulocyte lysates [23]. These oli-
godeoxynucleotides were targeled to the 5-end of f-
globin mMRNA (n.t. 2-14) or to a sequence within the
coding region (n.t. §9-66). indicating that stimulation
¢an occur with antisense oligomers complementary to
various positions in the RNA, Boiziau and his col-
leagues also observed stimulation of globin syathesis in
the wheat-germ system using an antisense oligomer and
its acridine derivative turgeted to the coding region (n.t.
113~229)(data not shown){31]. It is also interesting to
note that Licbhaber and his group found stimulution of
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mRNA binding Lo 808 ribosomes only when the anti-
mRNA (cDNA, in these experiments) used was comple.
mentury to a sequence in the ¥-non-coding region of
humun -globin mRNA {n.t, 446-551) {26]. Note that
Liebhaber's work was carried out by stringent pre-hy-
bridization of antisense to the target, Bertrund et al,
found us much as 509% stimulation of rabbit ¢« and
B-globin production by rabbit reticulocyte lysates in the
presence of certain concentrations of &- or f-unomers
complementary to cup sequences (n.t. 1-15} [30]. Inter.
estingly. they did not see this effest in the wheat-germ
translation system (see RNase M discussion below),
With all of these examplas of stimulation, there have
been {ew idens proposed to explain them. Although the
extent of ali of these stimulations is relatively slight, the
effect of a4 20% stimulution in the amount of an un.
known protein could confuse the interpretation of re-
sults of antisense experiments.

Qur rexsults concerning the importance of target posi.
tion on the ¢ffectiveness of an antisense oligomer re-
vealed that our 20-mers targeted at the coding region of
the mRNA were as effective as the | 5-mers designed to
bind necar the initiation codon. This contrasts with the
general observation that antisense inhibition of protein
synthesis within the coding region is often ineffective,
the antisense strand being displaced from the mRNA by
the purported helix-destabilizing astivity of the elongat-
ing ribosome {32,23]. Inhibition is thought to be most
effectiva when the antisense strand binds to mRNA
sequences at the 5-cup of the mRNA, while sequences
immediately adjucent to the AUG codon or within the
S-pontransiated region were also shown to be some-
what effective targets (. AUG thru +18; §. AUG thru
+5)8. -8 thru +12) [22.26,32). Recent studies on the
mechunism of antisense inhibition suggsst that a high
level RNase-H activity may be responsible for our ob-
servation that anti-raRNA targeted to regions within
the coding region is an effective inhibitor [30.31]. This
is the case with certain preparations of reticulocyte ly-
sates, as well as the wheat-germ and Xenopus cocyte
systems. When RNuase-H uctivity is low, RNase H-me-
diated cleavage of the mRNA cunnot compete with dis-
plucement of the DMA from the mRNA. This limits the
region of effective inhibition to the §-cap and the &~
nontranslated region (30]. The anomalous non-specific
inhibition abserved by our oligonucleotides is also re-
lated to RMAse H activity. Regions of homology as
short as 13 pairs has been shown to direst RNase H-
mediated cleavage [22]. However the possible presence
of RNase H in the reticulocyte lysate would not explain
our results since our longest muteh of G-untisense within
a-globin mRNA is only 7 pairs, Despite the fact that
RMase-H activity may explain some of the unexpected
friliis, offier unsxpecied anomalies deseribed m this
paper strongly suggest the utmast caution in planning
and interpreting antisense experiments.
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