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RESEARCH ARTICLE 

Constitutive and Conditional 
Suppression of Exogenous and 

Endogenous Genes by Anti-Sense RNA 

Jonathan G .  Izant and Harold Weintraub 

In order to study the biological func- 
tions associated with cloned gene se- 
quences, we previously designed a strat- 
egy for specifically inhibiting their 
expression in vivo (I). We used, as a test 
system, the herpes simplex virus (HSV) 
thymidine kinase (TK) gene in plasmid 
DNA constructions designed to tran- 
scribe the anti-sense (noncoding) DNA 
strand. The anti-sense transcript has a 
sequence complementary to the target 
messenger RNA (mRNA) and can pre- 
sumably anneal with the mRNA and 
disrupt normal processing or translation. 
The anti-sense TK plasmid is construct- 
ed in vitro by inverting the TK protein- 

coding sequence with respect to its pro- 
moter. Such a plasmid will specifically 
inhibit expression of the cognate sense 
TK plasmid after both plasmids are mi- 
croinjected into LTK- cells (I). The 
promising results with the HSV-TK 
model system suggest that anti-sense 
RNA can provide an additional method- 
ology for genetic analysis in eukaryotic 
systems that are not readily amenable to 
standard mutational analysis. Inhibition 
of function by anti-sense RNA is a regu- 
latory strategy in prokaryotes where it 
has been found to control translation (2) 
as well as the activity of RNA primers 
for initiating episome DNA replication 
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(3). Similar mechanisms have not yet 
been described in eukaryotes. 

We have now extended the use of anti- 
sense inhibition to both transient and 
stable DNA-mediated transformation 
systems. We show that a fragment as 
short as 52 bases of 5' untranslated anti- 
sense TK RNA inhibits TK activity. The 
inhibition is sequence specific. Anti- 
sense herpes TK inhibits sense herpes 
TK, but not expression from the non- 
cross-hybridizing chicken TK gene, 
while anti-sense chicken TK inhibits 
expression from a sense chicken TK 
plasmid, but not from a sense herpes TK 
plasmid. Conditional, dexamethasone- 
inducible, anti-sense inhibition is demon- 
strated by the use of the long terminal 
repeat (LTR) of the murine mammary 
tumor virus (MMTV) to direct the syn- 
thesis of anti-sense TK RNA. We show 
that a stably introduced TK gene is also 
inhibited by anti-sense TK, and finally 
that expression of the normal endoge- 
nous cytoplasmic actin gene can be in- 
hibited by anti-sense actin expression 
plasmid constructions. The actin inhibi- 
tion is detected as a diminution of the 
actin microfilament array and as a de- 
crease in cell viability. 

J. G. Izant and H. Weintraub are in the Depart- 
ment of Genetics, Fred Hutchinson Cancer Re- 
search Center, Seattle, Washington 98104. 



Table 1. Frequency of TK expression in cells co-injected with sense and anti-sense plasmid Inhibition of  TK expression. A DNA 
DNA. Sense TK plasmid (2 ~ g l m l )  plus a 200-fold excess of anti-sense or control plasmid plasmid designed to transcribe a 1364- 
DNA's were microinjected into TK- L-cell nuclei. After a 20-hour incubation period in 
[3H]thymidine, TK activity was assessed by determining the number of cells incorporating base anti-sense TK RNA complemen- 
labeled thymidine by autoradiography as a proportion of the cells that survived microinjec- tary in sequence to the normal sense TK 
tion. mRNA from base +51 to +I415 (relative 

Cells 
to the transcription initiation site) specif- 

Plasmids injected TK cells injected ically inhibits expression of a sense TK 
(96) (NO.) plasmid in mouse L cells (I). To deter- 

HSV TK plus: 
Anti-sense HSV TK 7.5* 223 
Anti-sense 5' TK 8.3* 216 
Anti-sense chicken TK 34.0 190 
Control plasmid 41.0 96 

Chicken TK fusion gene (Fig. lb) plus: 
Anti-sense HSV TK 
Anti-sense 5' TK 
Anti-sense chicken TK 
Control plasmid 

*All cells with silver grains (detectable enzyme activity) were scored as TK'. As in Fig. 3, however, analysis 
of autoradiographic grain density reveals a four- to fivefold suppression of TK activity by anti-sense plasmid 
DNA so that the actual inhibition is greater than that suggested by merely assaying the proportion of TK' 
cells ( I ) .  

H S V  TK 

a 

wn: " -rdw--b 
hinow TL - - . - . - . - - - . - . - . 1 m 

Accl Mill EcQl 

c m 5 '  TK anti-sense 

S m l  n p l l  Accl hill 

d I I L XT V2H 1 H S V  T K  anti-sense 

e Chlcken TK ant l -sense 

mine the amount of sequence required 
for anti-sense inhibition of herpes TK, 
we flipped a TK gene fragment spanning 
the region between -80 (an Eco RI site) 
and +343 (an Acc I site) and inserted this 
sequence between the MSV LTR pro- 
moter and the SV40 polyadenylation site 
in inverse orientation (Fig. lc). Co-injec- 
tion of this DNA (termed the 5' TK anti- 
sense plasmid) with the normal sense 
herpes TK plasmid (Fig. la) at a ratio of 
200: 1 (anti-sense to sense) gave marked 
inhibition of TK activity as determined 
by incorporation of 3~- labeled  thymi- 
dine (Table 1). 

To test whether this 5' anti-sense plas- 
mid could inhibit a gene with even less 
complementarity, we used an HSV-TK 
fragment containing the promoter se- 
quences and 52 bp of 5' untranslated 
RNA ligated to the chicken TK structur- 
al gene. This fusion gene construction 
(Fig. lb) gives normal levels of TK activ- 
ity after microinjection into the nucleus. 
Since the herpes and chicken TK genes 
do not cross-hybridize, RNA transcripts 
from the 5' TK anti-sense plasmid are 
complementary to only the first 52 bases 
of 5' untranslated HSV-TK sequence 
present in the chimeric mRNA (black 
boxes adjacent to Fig. 1, b and c). The 5' 
TK anti-sense plasmid transcript does 
not overlap the initiator AUG (A, ade- 
nine; U, uracil; G, guanine) codon of the 

M I  R u l l  R u l l  9 I l 1  
R t l  

f I n i$?A Act ln  anti-sense Fig. 1. Plasmid DNA's used in this study (16). 

\. / (a) The wild-type HSV-TK plasmid, which 

\ / uses its own promoter. (b) The chicken TK 
/ structural gene was fused in the sense orienta- 

\ tion to the HSV-TK promoter sequence cor- 
responding to 52 bp of 5' untranslated DNA. 

promoter (c to f) Various gene restriction fragments 
were cloned in flipped orientation into a 
pBR322 derived vector containing the MSV 

PER 322 LTR promoter and an SV40 early transcript 
polyadenylation signal. The black box repre- 
sents the 52 bases in common between the 5' 
TK anti-sense (c) and the 5' region of HSV- (C;-, Ant l -sense C A T  TK chicken TK fusion gene ( 1 .  BIB 1s a 

~rm~lw Bam HI, Bgl I1 ligation site. (g) Anti-sense 
9 CAT gene plasmid. This plasmid contains the 

CAT gene coding sequence inserted between 
PEM~ an MSV-LTR promoter and an SV40 poly A 

site which has been cloned in the EMBL9 
vector (14). (h) Murine mammary tumor virus 

M M T V  LTR promoter. This hormone inducible anti- 
~n t  I- s en  s  e  T K sense TK plasmid is derived from pLTL-2 (6) 

and contains an anti-sense HSV-TK coding 
sequence inverted next to the left-hand 

h MMTV LTR promoter. Plasmid DNA's were 
constructed, produced, and purified as de- 
scribed (1). 
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fusion gene transcript and is not comple- 
mentary to the protein coding domain. 
When the two plasmids were co-injected 
into LTK- cells at a ratio of 200: 1 (anti- 
sense to sense), complete suppression of 
TK activity was observed (Table 1 and 
Fig. 2). Inhibition was significantly 
greater than that observed in the initial 
anti-sense experiments (I) which used an 
anti-sense vector covering the protein- 
coding domain of HSV-TK downstream 
of the Bgl I1 site. Hence anti-sense RNA 
complementary to the region upstream 
of the Bgl I1 site as well as regions 
downstream of Bgl I1 will inhibit TK 
activity. 

The 5' anti-sense herpes TK plasmid 
failed to inhibit expression from the wild- 
type chicken TK gene as would be ex- 
pected. However, an anti-sense chicken 
TK construction (Fig. le) does give a 
four- to fivefold reduction of TK activity 
as assayed by autoradiographic grain 
density after injection of the sense chick- 
en TK plasmid (Fig. 3). Thus, chicken 
TK is inhibited by anti-sense chicken 
TK, but not anti-sense herpes TK while 
herpes TK is inhibited in a reciprocal 
fashion by anti-sense herpes TK, but not 
anti-sense chicken TK plasmids. This 
provides additional evidence for the se- 
quence specificity of anti-sense plasmid 
inhibition of gene activity. 

Inhibition of TK colony formation by 
anti-sense DNA transfection. In the 
aforementioned studies as well as our 
previous report (1) anti-sense DNA was 
microinjected directly with glass micro- 
pipettes into cell nuclei. For many pur- 
poses, less technically demanding meth- 
ods, such as DNA mediated anti-sense 
transformation, would be useful. To test 
whether anti-sense DNA vectors would 
work in transfection systems, 100-mm 
plates of LTK- cells were transfected 
with 50 ng of herpes TK plasmid, 20 pg 
of carrier calf thymus DNA, and from 0 
to 5 pg of anti-sense or control DNA. 
The number of TK-positive colonies was 
then assayed (Table 2). Control cultures 
yielded from 250 to 500 colonies per 
dish, while cultures that received 5 pg of 
anti-sense TK DNA (a 100-fold excess of 
anti-sense to sense DNA) had 10 to 20 
times fewer colonies (Fig. 4). In some 
experiments, as little as a tenfold excess 
of anti-sense TK gave similar degrees of 
inhibition. Repoducible inhibition was 
not apparent at a 1: 1 ratio. We suspect 
that the residual TK-positive colonies 
that emerge at high levels of anti-sense 
TK represent the small proportion of 
transfected cells that fail to take up or 
express the co-transforming anti-sense 
DNA (4). When pBR322 (5 pg per dish) 
was used as a control, there was a no- 

Abstract. Plasmid DNA directing transcription of the noncoding (anti-sense) DNA 
strand can specifically inhibit the expression of several test genes as well as normal, 
endogenous genes. The anti-sense plasmid constructions can be introduced into 
eukaryotic cells by transfection or microinjection and function in both transient and 
stable transformation assays. Anti-sense transcripts complementary to as little as 52 
bases of 5' untranslated target gene mRNA specifically suppress gene activity as 
well as, or more eficiently than, anti-sense transcripts directed against the protein 
coding domain alone. Conditional anti-sense inhibition is accomplished with the use 
of hormone-inducible promoter sequences. Suppression of endogenous actin gene 
activity by anti-sense RNA is detected as a decrease in growth rate and as a 
reduction in the number of actin microjilament cables. These observations suggest 
that anti-sense RNA may be generally useful for suppressing the expression of 
specific genes in vivo and may be a potential molecular alternative to classical 
genetic analysis. 

Fig. 2. Autoradiography of cells co-injected with TK genes and 5' TK anti-sense DNA. Cells 
were injected with the chimeric HSV promoter chicken TK fusion gene (Fig. lb) and (a) a 
control anti-sense @-galactoside plasmid or (b) a 200-fold excess of 5' TK anti-sense plasmid 
(Fig. lc). Thymidine labeling and autoradiography were performed as described ( I ) .  No 
significant signal is detectable in the cells co-injected with the anti-sense 5' TK ( ~ 5 0 0 ) .  

Fig. 3. Anti-sense chicken TK inhibits chicken TK. Representative micrographs of cells co- 
injected with a chicken TK plasmid and a 200-fold excess of a control herpes TK anti-sense 
plasmid (a) or a similar excess of anti-sense chicken TK plasmid DNA (b) ( ~ 5 0 0 ) .  

Fig. 4. Inhibition of herpes TK colony formation. LTK- cells were co-transformed with herpes 
TK (50 ng) and either 5 pg of anti-sense chicken TK (a) or 5 pg of anti-sense herpes TK (b) (4). 
Colonies were stained after 2 weeks in HAT medium. The inhibition by anti-herpes TK could be 
overcome by including a sense chicken TK plasmid (50 ng) in the transformation mix (c). All 
transformations contained 20 pg of canier calf-thymus DNA. 
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ticeable decrease in transformation fre- 
quency, but this was marginal compared 
to the reproducible and more dramatic 
decreases observed with the anti-sense 
TK DNA. Controls with 5 pg of anti- 
sense chicken TK, anti-sense p-galacto- 
sidase DNA, and anti-sense chloram- 
phenicol acetyltransferase (CAT) DNA 
(Fig. lg) all gave marginal and variable 
levels of either stimulation or inhibition. 

As with the microinjection studies de- 
scribed above, the 5' untranslated anti- 
sense herpes TK DNA results in a great- 
er degree of inhibition (Table 2) of TK 
transformation with the herpes-chicken 
fusion TK gene. At a 20-fold excess of 
anti-sense 5' TK to sense TK fusion 
gene, the inhibition was characteristical- 
ly two to three times greater than that 
seen with herpes TK and the standard 
herpes anti-sense TK vector. In further 
parallel experiments with chicken TK 
and the anti-sense chicken TK expres- 
sion vector, we observed a similar 5- to 
10-fold decrease in chicken TK colony 
formation compared to controls (Table 
2). 

We considered the possibility that the 
observed inhibition may have been the 
result of a nonspecific effect of the anti- 
sense expression plasmids on cell viabili- 

Fig. 5. Anti-sense inhibition of CAT activity. 
L cells were stably transformed with anti- 
sense CAT DNA by means of calcium phos- 
phate-mediated cotransformation with TK. 
These cells each contained about 20 copies of 
anti-sense CAT gene and produced several 
hundred copies of anti-sense CAT mRNA. 
Then, 1 pg of sense CAT was transfected into 
either the anti-sense CAT polyclone line (a) or 
the parental LTK- cells (b). CAT assays were 
performed after 2 days. The parental LTK- 
cells were also transfected with 1 pg of sense 
CAT plus 5 pg of anti-sense CAT (c) by the 
DEAE-dextran procedure (17). Control cul- 
tures (d) received l w of sense CAT and 5 @ 
of anti-sense herpes TK. CAT activity (17) 
was measured after 2 days. 

ty, rather than a direct inhibition of TK 
expression by anti-sense TK RNA. Cell 
cultures were transfected with sense and 
anti-sense herpes TK DNA under condi- 
tions where transformation would have 
been inhibited tenfold and each culture 
received in addition a "complementing" 
sense chicken TK plasmid. The cultures 
that received the additional chicken TK 
plasmid displayed normal transformation 
frequencies in HAT (hypoxanthine, ami- 
nopterin, thymidine) medium, suggesting 
that cells containing sense and anti-sense 
HSV-TK RNA are still viable (Fig. 4). 
As a control for nonspecific effects re- 
sulting from formation of double-strand- 
ed RNA and possible interferon produc- 
tion, Pestka (5) has directly assayed in- 
terferon production in our cultures that 
were transfected with a variety of sense 
and anti-sense combinations either by 
calcium phosphate or by DEAE-dextran 
methods. The very sensitive assay de- 
tected no interferon activity in these 
cultures. 

The results with calcium phosphate- 
mediated TK transformation parallel the 
data from microinjection experiments. 
Anti-sense inhibition of herpes TK and 
chicken TK transformation is sequence 
specific and occurs with as little as a 10- 
to 20-fold excess of anti-sense DNA. 
Inhibition is dramatic, ranging up to 20- 
fold at high levels of anti-sense DNA (10- 
to 100-fold excess) and can be observed 
with as little as 52 bp of complementary 
5' untranslated RNA that does not cover 
the initiator AUG codon. At least two 
different fragments of complementary 
sequence (one from the protein coding 
region; the other from the 5' noncoding 
region) can inhibit TK expression. 

Transient anti-sense inhibition of the 
CAT gene. For transient expression as- 
says, we utilized sense and anti-sense 
CAT (chloramphenicol acetyltrans- 
ferase) expression plasmids (Fig. lg). 
LTK- cells were transfected (with the 
use of DEAE dextran) with a 5 : 1 ratio of 
anti-sense to sense CAT DNA; after 2 
days, CAT enzyme assays were per- 
formed on cell homogenates. The anti- 
sense CAT plasmid caused a 5- to 20-fold 
decrease in activity as compared to con- 
trol experiments with anti-sense herpes 
or chicken TK plasmids (Fig. 5). LTK- 
cells were also stably cotransformed by 
calcium phosphate-mediated gene trans- 
fer with herpes TK (50 ng) as a selectable 
marker and including sense CAT (2 pg) 
and either anti-sense CAT (10 pg) or, as 
a control, anti-sense chicken TK (10 pg). 
TK-positive colonies (about 200 for each 
protocol) were collected after 2 weeks, 
and CAT activity was measured. Under 
these conditions, inhibition of CAT ac- 

tivity by anti-sense CAT DNA was se- 
quence specific and ranged from 4- to 9- 
fold. 

In a related type of analysis, an anti- 
sense CAT-producing cell line was con- 
structed by cotransformation with her- 
pes TK. The line contained about 20 
copies of anti-sense CAT gene per cell 
and produced about 500 copies of anti- 
sense CAT RNA. Constitutive expres- 
sion of such an anti-sense plasmid would 
be predicted to provide a measure of 
"molecular immunity" to the subse- 
quent expression of that gene from a 
sense CAT plasmid. The sense CAT 
plasmid DNA was introduced into the 
anti-sense CAT cell line and into paren- 
tal LTK- cells by transfection; CAT 
activity was assayed after transient 
expression. Expression of CAT activity 
was reduced in the anti-sense CAT cells 
(Fig. 5). This is not a nonspecific mani- 
festation of inefficient DNA uptake or 
expression because stable transforma- 
tion frequency to an APRT-positive phe- 
notype (APRT, adenine phosphoribosyl 
transferase) was normal in the anti-sense 
CAT cell line. 

These experiments extend the list of 

Table 2. Inhibition of TK colony formation by 
cotransformation with anti-sense DNA plas- 
mids. The transforming plasmids were used at 
50 ng per plate. 

Cotrans- 
*Cotrans- formed 
formed DNA 
plasmid per plate 

TK+ 
colo- 
nies 
(% 

con- 
trol) 

HSV TK 
Alone 
Anti-sense ChTKt 
Anti-sense p- 

galactosidase 
pBR322 
Anti-sense CAT 
Anti-sense TK 

HSV-chicken TK fusion 
Alone 0 100 
Anti-sense 5' TK 1 62 
Anti-sense 5' TK 2.5 17 
Anti-sense 5' TK 5 8 
PBR 5 86 

Chicken TK 
Alone 0 100 
Anti-sense 5 18 

chicken TKt 
pBR322 5 89 
Anti-sense CAT 5 130 
Anti-sense TK 5 109 
Anti-sense 5' TK 5 122 

*In each experimental series there were two to ten 
independent transformations. Results from a typical 
series are shown. tAnti-sense chicken TK has 
chicken TK activity, probably as a result of tran- 
scription from a cryptic pBR322 promoter. .This 
value, which is about 10 percent of the sense chcken 
TK activity, has been subtracted from the tabulated 
frequency. 
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genes inhibited by anti-sense expression 
DNA vectors to the bacterial CAT gene, 
suggesting that the inhibition is not limit- 
ed to eukaryotic genes. In addition, the 
inhibition occurs during transient ex- 
pression assays, and an anti-sense CAT- 
producing cell line is resistant or "im- 
mune" to expression from subsequently 
introduced CAT genes. This observation 
reduces the probability that the inhibi- 
tion is the result of targeted recombina- 
tion or conversion events that might de- 
stroy the activity of the sense CAT DNA 
since it is highly unlikely that homolo- 
gous recombination or gene conversion 
could occur between the bulk of the 
incoming sense CAT DNA and the inte- 
grated anti-sense CAT DNA in the ma- 
jority of cells in the population ( I ) .  

Inhibition of an endogenous herpes 
TK gene. Using cells previously trans- 
formed to a herpes TK-positive pheno- 
type as a convenient model system, we 
have investigated whether anti-sense 
RNA will inhibit an endogenous gene. A 
collection of about 1000 TK-positive 
transformants was removed from HAT 
selection and transfected with the APRT 
gene and cotransforming anti-sense her- 
pes TK DNA or as a control with APRT 
and cotransforming anti-sense chicken 
TK. APRT-positive transformants were 
collected (the frequency of such clones 
was the same for both transfections), and 
TK enzyme activity was measured for 
each culture (Fig. 6). The TK enzyme 
activity in cells transformed with anti- 
sense herpes TK was six times lower 
than control cultures transformed with 
anti-sense chicken TK. As with the CAT 
results described above, these data were 
obtained in the absence of selection for 
the TK gene being assayed. 

To see whether the anti-sense TK 
transformants display any growth abnor- 
malities in culture, the cells were grown 
in conventional HAT medium. Under 
these conditions, both anti-sense herpes 
TK and anti-sense chicken TK lines pro- 
liferated at comparable rates. Initially 
this was surprising given the fact that the 
TK enzyme level was significantly lower 
in the anti-sense TK cells. The residual 
level of TK activity was not zero, how- 
ever, and we suspected that this reduced 
activity might still be sufficient for 
growth. If this were true, cells with low- 
er enzyme activity might have more d8i- 
culty growing h HAT medium contain- 
ing a reduced thymidine concentration. 
Indeed, decreasing thymidine in the me- 
dium tenfold results in growth inhibi- 
tion for the anti-sense herpes TK cell 
line, whereas there is no detectable ef- 
fect on the anti-sense chicken TK con- 
trol cell line growth even at 11100 the 

- 
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Fig. 6. Anti-sense inhibition of endogenous 
herpes TK activity. LTK- cells were trans- 
formed to TK+ with HSV-TK. Cultures were 
then cotransformed with 5 pg (per dish) of 
anti-sense herpes TK or anti-sense chicken 
TK (ChTK) and an APRT plasmid. APRT- 
positive cells were selected, and TK enzyme 
activity was determined (18). 

normal thymidine concentration (Fig. 7). 
Conditional expression of anti-sense 

TK RNA. As with any mutational analy- 
sis, it will be difficult to discern the 
function of a crucial gene by anti-sense 
inhibition when the suppression of that 
gene has lethal consequences. One way 
to deal with this problem is to make the 
expression of the anti-sense RNA condi- 
tional, for example, by using an induc- 
ible promoter. In order to test whether 
conditional anti-sense inhibition is possi- 
ble, we used the dexamethasone-induc- 
ible MMTV LTR to drive the synthesis 
of anti-sense herpes TK (Fig. lh). Col- 

Fig. 7. Anti-sense inhibi- 
tion of endogenous herpes 
TK phenotype. The anti- 
sense HSV-TK (a and b) or 
the anti-sense chicken TK , 

(C and d) lines described in 
Fig. 6 were grown in nor- / 
mal HAT medium : 

(1.5 x lO-'M thymidine) 
or in HAT medium with 
one-tenth (10-6M) or one 
hundredth (lO-'M) the 
usual amount of thymidine 
and stained after 1 week in 
culture. Both cell lines pro- 
liferated in normal HAT 
medium (a and c). The anti- 
sense HSV-TK line was 
unable to grow in HAT me- 
dium with one-tenth the 
normal concentrations of 
thymidine (b), whereas 
anti-sense chicken TK line 
grew well at one-hundredth 
the normal level of thymi- 

( 
dine (d). 

lections of about 500 herpes TK-positive 
colonies were first selected in HAT me- 
dium after calcium phosphat+mediated 
DNA transformation of TK-, APRT- L 
cells with wild-type HSV-TK gene. Cul- 
tures were then divided in two parts, and 
one was cotransformed with APRT plus 
a control anti-sense chicken TK plasmid 
and the second was cotransformed with 
APRT and the MMTV anti-sense HSV- 
TK plasmid. The frequency of APRT- 
positive colonies was similar for the two 
cultures, and polyclones (about 50) from 
each culture were grown. Since the basal 
and induced levels of activity of the 
MMTV promoter vary from clone to 
clone (6), the polyclones were taken 
through two subsequent selections in 
HAT medium to ensure that the resident 
sense TK gene was still functioning effi- 
ciently. Cells with a high basal level of 
inhibitory anti-sense TK would also be 
selected against because they would pre- 
sumably have lower TK activity. Then 
the cells were again passaged in APRT 
selection medium to ensure that they had 
retained the APRT gene and the co- 
transfected anti-sense TK gene. Finally, 
the cells were grown in varying concen- 
trations of dexamethasone for 4 to 8 days 
(to allow for enzyme turnover), and then 
TK enzyme levels were determined (Fig. 
8). Control cultures containing the anti- 
sense chicken TK gene had TK enzyme 
levels that were usually unaffected by 
dexamethasone. In contrast, after treat- 
ment with or 1 0 - ' ~  dexametha- 
sone, a dose-dependent decrease (five- 

HSV TK+ L-cell nw/ 
anti-sense HSV TK 

H- 

HSV TK+ I L-cell llnel 
chicken TK 
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to tenfold) in TK activity was consistent- would result in cell death for those cells 
ly found. While normal TK' cells grew that have taken up both genes because 

notype, BSC-1 cells were injected with 
the anti-sense actin DNA, and 4 days 

almost as well in the presence of or 
absence of these concentrations of dexa- 
methasone, cells that also contained the 
inducible anti-sense TK gene grew more 
slowly in the presence of 1 0 - ' ~  dexa- 
methasone (Fig. 8, inset) when put under 
HAT selection. When put under APRT 
selection, however, these cells grew nor- 
mally in the presence of these concentra- 
tions of dexamethasone. This model sys- 
tem suggests that dexamethasone can be 
used to provide anti-sense transcription 
that can be regulated and, as a conse- 
quence, conditional inhibition of gene 
activity. Recent work suggests that a 
heatshock promoter can also be used to 
produce a conditional anti-sense pheno- 
type (7). 

Inhibition of endogenous actin gene 
expression. To test whether a normal 
cellular gene could be inhibited by anti- 
sense RNA, we constructed an anti- 
sense DNA expression vector that would 
produce anti-sense cytoplasmic p-actin 
(Fig. If). We anticipated that cotransfor- 
mation of TK and anti-sense actin DNA 

Mi-sense Chl 

\ 

the phenotype of actin mutations in yeast 
is cell lethality (8). This can be assayed 
by monitoring the frequency of TK-posi- 
tive transformed colonies. The results 
show that an anti-sense actin DNA plas- 
mid dramatically decreases the frequen- 
cy of normal TK-positive colonies as 
compared to parallel control cotransfor- 
mations with insertless plasmids and 
anti-sense chicken TK plasmids (Fig. 9). 
Interestingly, the frequency of small col- 
onies (four to ten cells) during the first 
several days after transfection was simi- 
lar in control and anti-sense actin-trans- 
formed cultures. Subsequently, cell pro- 
liferation diminished in the cultures 
transformed with anti-sense actin. This 
probably indicates that the initial trans- 
formation of these cells is normal, but 
that the anti-sense actin DNA causes 
a sufficient decrease in actin produc- 
tion so that the cells can sustain 
normal growth for only two to three 
divisions. 

To test whether cells containing anti- 
sense actin RNA show a structural phe- 

MMl . . ,. .. . ,, . . 

Fig. 8. Dexametha- 
sone induction of 
MMTV anti-sense 
TK. Herpes TK-posi- 
tive L cells were co- 
transformed with the 
inducible MMTV 
anti-sense TK plas- 
mid (Fig. lh) under 

U m 

Y 
1 '  APRT selection; con- 

+ ' 4  trol cultures were co- , transformed with 
b anti-sense chicken "- 

l o - ' ~  5x10-'M I 0-SM TK plasmid DNA. 
Dexamelhasone Transformed colonies 

were grown up and 
taken through successive rounds of HAT selection followed by APRT selection. Control and 
anti-sense TK cultures were then induced with increasing levels of dexamethasone, and TK 
enzyme activity was assayed after 5 days. The insets show representative colonies (a) from a 
control culture and (b) from a dexamethasone-treated culture, illustrating the diierence in 
growth induced by dexamethasone in the MMTV anti-sense TK-containing cells. These 
differences are most dramatic at 10-7M dexamethasone and do not occur in the absence of HAT 
selection. However, at slightly higher concentrations of dexamethasone (5 x 10-7M) an 
inhibition of cell growth is observed that is independent of HAT selection. [x 131 

Fig. 9. Inhibition of TK colony formation by anti-sense actin plasmid DNA. LTK- cells were 
cotransformed with herpes TK DNA (50 ng per dish), with calf thymus (canier) DNA (10 pg per 
dish) and with (a) control anti-sense chicken DNA or (b) 1 pg or (c) 10 pg of anti-sense actin 
DNA. Colonies were stained after 2 weeks selection in HAT medium. 

later the cells were stained with N-(7- 
nitrobenz-2-oxa- l,3-diazol-4-y1)phallaci- 
din (9) to visualize actin cables. The cells 
were counterstained with propidium io- 
dide, to stain the nuclear DNA and the 
perinuclear RNA. While BSC-1 cells dis- 
play typically dramatic actin microfil- 
ament bundles after injection with anti- 
sense TK DNA, only about half of the 
cells show normal actin cables after in- 
jection of anti-sense actin DNA. This 
corresponds to the fraction of cells ex- 
pected to express anti-sense actin RNA 
efficiently after microinjection. As was 
observed in the transfection experi- 
ments, cells with anti-sense actin plas- 
mid show no obvious change in cell 
morphology in the first several days after 
microinjection, and the distribution of 
cytoplasmic RNA as assayed by propi- 
dium staining is unaltered. In contrast, 
the quantity and length of actin microa- 
ament bundles in the affected cells was 
markedly reduced although the actin 
staining along the cell periphery, espe- 
cially in the areas of active ruffling, ap- 
peared to be undiminished (overexposed 
in Fig. 10 to emphasize the diminution of 
the stress fiber array). This suggests that 
when actin levels are decreased the pe- 
ripheral actin filaments are preferentially 
retained. 

The decrease in actin cables is also 
observed 24 to 36 hours after capped 
anti-sense actin RNA is microinjected 
directly into BSC-1 cells (Fig. 10, b and 
c). Microinjection of anti-sense TK RNA 
has no obvious effect on the actin micro- 
filament distribution. This RNA was 
made in vitro by means of an SP6 pro- 
moter ligated to anti-sense actin DNA 
encoding a 500-bp fragment of 5' actin 
cDNA. Introduction of anti-sense actin 
RNA results in the disruption of actin 
cables, presumably because of a lower 
actin monomer concentration in injected 
cells. 

Implications of anti-sense gene inhibi- 
tion. The cytoplasmic manifestations of 
anti-sense actin inhibition and the subse- 
quent inhibition of cell proliferation are 
striking. This analysis has yielded the 
interesting and unanticipated observa- 
tion that actin microfilament cables are 
more labile to changes in actin monomer 
dynamics than the actin filaments pre- 
sent in the cell periphery. While we 
cannot readily assess the extent of actin 
synthesis inhibition in microinjected 
cells, the observed phenotypic changes 
suggest that any feedback mechanisms 
that may serve to regulate actin pool size 
are unable to compensate for the anti- 
sense actin perturbation. 
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This study extends the number of 
genes whose expression has successfully 
been suppressed by anti-sense RNA and 
suggests that the technique may provide 
a general methodology for genetic analy- 
sis. In addition to the original work with 
herpes TK, we have shown that chicken 
TK, CAT, and cytoplasmic actin can be 
suppressed and others have shown that 
p-globin (lo), p-galactosidase (ll), the 
Drosophila kriippel gene (12), and a Xen- 
opus gap junction gene (13) can be inhib- 
ited by anti-sense RNA. The cell types 
that have been used in these experiments 
include L cells, 3T3 cells, Xenopus oo- 
cytes, Drosophila embryos, and frog em- 
bryos. The method of delivery ranges 
from microinjection to calcium phos- 
phate-mediated stable transformation, 
to DEAE-dextran mediated transient 
expression; the reagents include 
"flipped" plasmid DNA vectors de- 
signed to produce anti-sense RNA, syn- 
thetic anti-sense RNA, and synthetic oli- 
gonucleotides. While most work has 
been done inhibiting experimentally in- 
troduced genes, several endogenous 
genes (integrated herpes TK, actin, 
kriippel, and gap junction) have also 
been inhibited. The inhibition can be 
accomplished efficiently with as little as 
52 bp of homology to the 5' untranslated 
region of the sense mRNA and does not 
have to include the initiator AUG. When 
the anti-sense vector is linked to the 
dexamethasone-inducible MMTV pro- 
moter, dexamethasone-inducible inhibi- 
tion of TK activity is observed. Condi- 
tional anti-sense inhibition has also been 
achieved with heatshock gene promoter 
sequences (7). 

Many questions remain with regard to 
the mechanism of inhibition, and some of 
the available data is fragmentary. In ad- 
dition to the anti-sense actin experiment 
(Fig. lo), anti-sense inhibition by anti- . 
sense RNA synthesized in vitro has been 
demonstrated in frog oocytes by sepa- 
rately microinjecting sense and anti- 
sense RNA's for Xenopus p-globin (lo), 

Fig. 10. Inhibition of actin cable formation by 
anti-sense actin RNA. Capped RNA was syn- 
thesized in vitro with SP6 RNA polymerase 
and plasmids that direct the synthesis of ei- 
ther (a) sense or (b and c) anti-sense actin 
RNA. In vitro capping was achieved by in- 
cluding 5 mi diguanosine triphosphate 
G(5')p3(S1)G in the reaction (14). 0.1 pl of 
RNA at 0.5 pg/pl was injected into BSC-1 
cells and after 30 hours the cells were fixed 
and stained with fluorescent phalloidin 
(green) (9) to stain filamentous actin and pro- 
pidium iodide (red-orange) to stain DNA and 
RNA. Similar results are also obtained with 

' 

the anti-sense actin plasmid DNA shown in 
Fig. If. 
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for herpes TK (14), and for CAT (14). 
This is an attractive system for studying 
the mechanics of anti-sense inhibition 
since it is possible to monitor the levels 
and integrity of sense and anti-sense 
transcripts during the course of an ex- 
periment. By means of this approach, 
double-stranded RNA hybrid molecules 
have been detected in oocytes as the 
putative intermediate in the inhibition 
process (10). Moreover, Xenopus P-glo- 
bin mRNA's already loaded onto oocyte 
polysomes are susceptible to anti-sense 
inhibition, indicating that inhibition can 
be cytoplasmic and thus probably trans- 
lational. These results, however, do not 
exclude the possibility of a nuclear anti- 
sense inhibition process as well. Indeed, 
Kim and Wold have shown that anti- 
sense TK RNA forms duplexes with 
sense TK RNA, and that the duplexes 
are preferentially localized in the cell 
nucleus (15). 

How stable are anti-sense RNA's? In 
L cells anti-sense TK RNA may be less 
stable than sense RNA (I), whereas in 
frog oocytes, both are extremely stable 
(14). Sense and anti-sense CAT gene 
transcripts are stable in cultured cells as 
well as in oocytes (14). Can the inhibition 
be described by simple solution-type hy- 
bridization kinetics and how much of an 
excess of anti-sense RNA is usually nec- 
essary? In frog oocytes the kinetics of 
inhibition are generally consistent with 
hybridization theory predictions (14); 
however, the various amounts of anti- 
sense RNA needed to achieve significant 
inhibition in different systems is puz- 
zling. For example, in Xenopus oocytes, 
a 5-  to 50-fold excess of anti-sense over 
sense RNA results in a 10- to 20-fold 
inhibition of gene activity. When cul- 
tured somatic cells are used, a l :  l ratio 
of sense to anti-sense P-galactosidase 
DNA yielded a 95 percent inhibition of 
activity (11); we found that a minimum 
ratio of 5: 1 anti-sense to sense DNA is 
required for herpes TK inhibition in 
transfection studies and a ratio of 50: 1 is 

required in microinjection studies to 
achieve comparable levels of inhibition. 

We do not know how secondary struc- 
ture and ribonucleoprotein (RNP) pack- 
aging of both the sense and anti-sense 
RNA's affect inhibition nor do we have 
unambiguous information on which re- 
gions of an RNA transcript are most 
susceptible to anti-sense inhibition. In 
frog oocytes P-globin is not inhibited by 
a 3' anti-sense RNA (lo), but CAT 
mRNA is (14), although in both cases the 
5' anti-sense probe is more effective. Our 
results also suggest that 5' anti-sense 
may be a more efficient inhibitor in cul- 
tured cells than protein coding se- 
quences alone. Further, this may explain 
why naturally occurring prokaryotic 
anti-sense paradigms utilize anti-sense 
transcripts complementary to the 5' re- 
gions of their respective target tran- 
scripts (2, 3). 

It will actually be interesting to deter- 
mine if anti-sense transcription functions 
as a normal cellular control mechanism 
in higher eukaryotes as it does in pro- 
karyotes. 

The observations on anti-sense 5' TK 
also present a potential strategy for ex- 
perimental gene switching manipulations 
and even gene therapy protocols wherein 
the gene of interest, either a normal or a 
deleterious gene, is inhibited by anti- 
sense RNA complementary to a non- 
translated (possibly even an intronic) do- 
main of the RNA transcript. A sense 
orientation RNA or DNA coding for the 
desired gene product could be intro- 
duced concomitantly; however, this 
gene would be designed so that it is 
missing the nontranslated sequences 
complementary to the anti-sense inhibi- 
tor. In this fashion a gene could be 
effectively "replaced" by a substitute 
gene that differs by as little as one base 
pair without having to alter the genomic 
copy of that gene. 

Finally, it is important to know the 
general applicability of the anti-sense 
phenomenon and the efficiency of the 

available mechanical and viral methods 
for introducing anti-sense DNA and 
RNA into cells if this procedure is to be 
used as an alternative to genetic analysis 
in higher organisms. Our own experience 
promotes optimism although the number 
of examples is still limited and the details 
of the molecular mechanism of anti- 
sense inhibition are not known. A better 
understanding of the various facets of 
anti-sense inhibition will contribute to 
studies with the use of cell type-specific 
anti-sense RNA's to identify and charac- 
terize regulatory genes that are involved 
in cellular morphogenesis and embryo- 
genesis. 
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