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ABSTRACT The cellular kinase known as PKR (protein
kinase RNA-activated) is induced by interferon and activated
by RNA. PKR is known to have antiviral properties due to its
role in translational control. Active PKR phosphorylates
eukaryotic initiation factor 2ai and leads to inhibition of
translation, including viral translation. PKR is also known to
function as a tumor suppressor, presumably by limiting the
rate oftumor-cell translation and growth. Recent research has
shown that RNA from the 3' untranslated region (3'UTR) of
human at-tropomyosin has tumor-suppressor properties in
vivo [Rastinejad, F., Conboy, M. J., Rando, T. A. & Blau, H. M.
(1993) Cell 75, 1107-1117]. Here we report that purified RNA
from the 3'UTR of human a-tropomyosin can inhibit in vitro
translation in a manner consistent with activation of PKR.
Inhibition of translation by tropomyosin 3'UTR RNA was
observed in a rabbit reticulocyte lysate system, which is known
to contain endogenous PKR but was not seen in wheat germ
lysate, which is not responsive to a known activator of PKR.
A control RNA purified in the same manner as the 3'UTR
RNA did not inhibit translation in either system. The inhibi-
tion of translation observed in reticulocyte lysates was pre-
vented by the addition of adenovirus virus-associated RNA1
(VA RNA,), an inhibitor of PKR activation. Tropomyosin
3'UTR RNA was bound by immunoprecipitated PKR and
activated the enzyme in an in vitro kinase assay. These data
suggest that activation of PKR could be the mechanism by
which tropomyosin 3'UTR RNA exerts its tumor-suppression
activity in vivo.

The interferon-induced protein kinase PKR [also designated
DAI, eukaryotic initiation factor 2a (eIF-2)a) kinase, p68] was
first characterized as a part of the mammalian interferon-
mediated antiviral response (1-4). Although interferon in-
duces increased expression of PKR, the newly synthesized
protein is inactive. Activation of PKR occurs after binding to
double-stranded RNA (dsRNA), which can be produced dur-
ing a viral infection (5, 6). PKR is autophosphorylated con-
comitantly with activation. Active PKR phosphorylates eIF-
2a, and this phosphorylation event blocks the GDP-GTP
exchange cycle required for eIF-2 function (7-9). Functional
eIF-2 is required for every translation initiation event; there-
fore, phosphorylation of this factor leads to a general inhibi-
tion of translation (10). Because viruses are obligate intracel-
lular parasites that depend on their host cell for translation, the
viral life cycle can be blocked by this inhibition of translation.
Many viruses encode or induce inhibitors of PKR that allow
them to replicate in the presence of interferon and potentially
active PKR (11, 12). The best characterized of these is ade-
novirus VA RNA&, a specialized RNA that binds to PKR and
inhibits its activation (13, 14). Vaccinia virus (15-18), rotavirus
(19), reovirus (20), influenza virus (21, 22), and poliovirus
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(23, 24) also inhibit PKR. The fact that most of the best-
characterized pathogenic animal viruses have inhibitors of
PKR suggests that inhibition of this enzyme is important for
viral replication.

In addition to its role in antiviral response, PKR has been
implicated as a tumor suppressor. NIH 3T3 cells expressing an
inactive mutant of human PKR displayed morphological and
growth pattern alterations consistent with a transformed phe-
notype (25, 26). When these cells were injected into nude mice,
tumor formation occurred in all animals. In cells expressing the
mutant human PKR, endogenous murine PKR was present at
normal levels but could not be activated by the addition of
dsRNA. This latter observation is consistent with earlier
reports that mutants of PKR that are kinase-deficient act in a
trans-dominant manner to inhibit activation of wild-type PKR
(27, 28). Expression of mutant, catalytically inactive forms of
the enzyme in transfected cells could act in a trans-dominant
manner to inhibit endogenous wild-type PKR. This suppres-
sion ofPKR activation may lead to an increased rate of cellular
protein synthesis and the increased rate of cell growth char-
acteristic of neoplasia.
The genes encoding cytoskeletal proteins such as a-tropo-

myosin, troponin, and a-cardiac actin are expressed in muscle
tissues during differentiation. Complementation studies with
murine cell lines have demonstrated that expression of these
genes can rescue differentiation-deficient cell lines and trigger
the expression of tissue-specific gene products (29). The
complementation activities of a-tropomyosin, troponin, and
a-cardiac actin were found to map to their 3' untranslated
regions (3'UTRs). Further study of a-tropomyosin showed
that a plasmid encoding the 3'UTR sequence can also act as
a tumor suppressor and that RNA expression is required for
this activity (30). Expression of cytoskeletal proteins such as
tropomyosin, troponin, and a-cardiac actin may be incompat-
ible with neoplasia. The intracellular concentrations of mRNAs
encoding isoforms of tropomyosin are known to decrease in
neoplasmic cells and increase when cells revert to normal (31).
Constitutive expression of tropomyosin 1 cDNA in cells trans-
formed by ras was found to suppress neoplastic growth (32).

In view of the evidence that PKR may act as a tumor
suppressor and the possible role of some 3'UTR RNAs in
differentiation and tumor suppression, we investigated the
effects of purified 3'UTR RNA of human a-tropomyosin on
translation. We found that purified RNA from the 3'UTR of
a-tropomyosin (designated Tml-3 RNA) inhibited translation
in a manner analogous to a prototypical viral PKR activator,
reovirus dsRNA. Namely, Tml-3 RNA inhibited translation in
a PKR-positive system but did not do so in a PKR-deficient
system, and inhibition in the PKR-positive system could be
prevented by the addition of VA RNA,. A control RNA
transcribed in vitro and purified by the same method did not
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inhibit translation in either system. Tml-3 RNA bound spe-
cifically to immunoprecipitated PKR and led to autophosphor-
ylation of PKR purified from human cells, whereas control
RNA did not.

MATERIALS AND METHODS
Cloning of the 3'UTRs. The 3'UTR of a-tropomyosin was

cloned by PCR from a human skeletal muscle cDNA library in
A gtlO (Clontech). Three PCR primers were synthesized on the
basis of GenBank sequences of the a-tropomyosin gene (33).
The primer designated here as Tml (5'-GGGGGGAGCTCT-
GAAAACCTAGCTGCG-3'; Sac I site underlined, termina-
tion codon italicized) was used in combination with the primer
Tm3 (3'-CTGATACCTAGGGCGTACGGATTCGAA-
GGGGGG-5'; HindIII site underlined) to amplify a 515-bp
sequence from the tropomyosin 3'UTR, starting at the termi-
nation codon. Primer Tm2 (5'-AAGTAGAGCTCAAGGTC-
CCCCTGTGG-3'; Sac I site underlined) was used in combi-
nation with the primer Tm3 to amplify a 133-bp sequence from
the tropomyosin 3'UTR, starting 380 nt downstream from the
termination codon. PCR fragments of the correct sizes were
cut with Sac I and HindlIl restriction enzymes and then cloned
into Bluescript II KS (Stratagene) oriented for transcription by
the T7 RNA polymerase promoter. The two clones, designated
Tml-3 and Tm2-3, were sequenced to confirm insertion of
tropomyosin sequences. Some slight differences from pub-
lished sequences were noted. In the GenBank sequence for
human a-tropomyosin, there are four adjacent repeats of the
motif GTTTT, beginning 36 bases downstream from the
translation termination codon. In the clone designated here as
Tml-3, there are five repeats of this sequence. In addition,
Tml-3 contains one point substitution (A-> G, 280 nt from the
termination codon), and one base deletion (at position 324
from the termination codon) as compared to the GenBank
sequence. No differences from the GenBank sequence were
found in Tm2-3.

Transcription and Purification of 3'UTR RNAs. Plasmid
DNAs from Tml-3 and Tm2-3 were cut at the unique HindIII
site (from the common primer Tm3) for run-off transcription
of the inserted sequences. Tml-3 RNA and Tm2-3 RNA were
produced by in vitro transcription using a Megascript T7 RNA
polymerase kit (Ambion, Austin, TX). For radiolabeled
RNAs, [a-32P]UTP (Amersham) was included in the transcrip-
tion reaction. The 3'UTR RNAs, as well as the control RNA
LS1 (see below), were double gel purified by the following
modification of the method of Mellits et al. (34). After
transcription, the reaction mixtures were extracted with
24:24:1 phenol/chloroform/isoamyl alcohol, 24:24:1, ex-
tracted with chloroform/isoamyl alcohol, 1:1, and then pre-
cipitated with isopropanol. RNAs were resuspended in Tris/
EDTA and then run on a native gel (6% acrylamide for LS1,
Tm2-3; 3.5% acrylamide for Tml-3). RNA bands were visu-
alized by UV shadowing, excised, and loaded directly on a 6%
acrylamide/6% urea gel. Bands were excised, eluted from the
gel matrix in Tris/EDTA containing 0.5% SDS (3 hr at 30°C
for LS1, Tm2-3; 18 hr at 30°C for Tml-3), and then precipi-
tated in ethanol and 300 mM sodium acetate. Precipitated
RNAs were resuspended in Tris/EDTA and quantitated by
absorption at 260 nm.
LS1 RNA. pT7LS1 encodes LS1, a mutant of adenovirus VA

RNA, (35). LS1 RNA was transcribed from pT7LS1 cut with
Dra I and then purified by the same method as for the 3'UTR
RNAs.

Luciferase, VA RNA,, and Reovirus RNAs. Luciferase
mRNA was prepared from a plasmid coding for luciferase
under the control of a T7 promoter (from N. Sonenberg,
McGill University). Purified plasmid DNA was cut with Sac I
and transcribed in vitro by using a Megascript T7 RNA
polymerase kit (Ambion). The transcribed RNA was extracted

with phenol/chloroform/isoamyl alcohol, 24:24:1, extracted
with chloroform/isoamyl alcohol, 24:1, and then precipitated
with isopropanol. Luciferase RNA was resuspended in Tris/
EDTA, quantitated by absorption at 260 nm, and used in rabbit
reticulocyte lysate translation reactions. In wheat germ lysate
translation reactions, luciferase mRNA supplied with the
lysate was used. VA RNA, was transcribed and purified by the
same method as for the 3'UTR RNAs, using the plasmid
pT7VA, cut with Dra 1 (34). Purified reovirus dsRNA was from
A. Shatkin (Center for Advanced Biotechnology and Medi-
cine, Piscataway, NJ).

Rabbit Reticulocyte Lysate in Vitro Translation. Micrococ-
cal nuclease-treated rabbit reticulocyte lysate (Promega) was
supplemented with all essential amino acids and used in
translation reactions at 55% of the final volume. Purified
RNAs were added at the indicated final concentrations and
then incubated at 30°C for 15 min to allow activation of PKR
before the addition of luciferase mRNA at a final concentra-
tion of 15 ,tg/ml. After addition of the reporter mRNA,
reactions were incubated for 30 min at 30WC, and then trans-
lation was stopped by the addition of cycloheximide to a final
concentration of 50 ,tg/ml. Luciferase activity was quantitated
using an enhanced luciferase assay kit (Analytical Lumines-
cence Laboratory, San Diego) and a Dynatech model ML3000
luminometer.
Wheat Germ Lysate in Vitro Translation. Micrococcal nu-

clease-treated wheat germ lysate (Promega) was supplemented
with all essential amino acids and potassium acetate to 10 mM
and then used in translation at 60% of the final volume.
Purified RNAs were added at the indicated final concentra-
tions and then incubated at 27°C for 15 min before the addition
of luciferase mRNA (Promega) at a final concentration of 30
,ug/ml. After addition of the reporter mRNA, reactions were
incubated for 60 min at 27°C, and then translation was stopped
by the addition of cycloheximide to a final concentration of 50
,ug/ml. Luciferase activity was quantitated by using an en-
hanced luciferase assay kit (Analytical Luminescence Labo-
ratory) and a Dynatech model ML3000 luminometer.
RNase Ti Digestion. Purified RNAs were digested with 0.01

unit of RNase Ti (Calbiochem) per ,tg ofRNA in 10 mM Tris,
pH 7.4/1 mM EDTA/300 mM NaCl, at 37°C for 1 hr. After
digestion, RNAs were extracted twice with phenol/chloro-
form/isoamyl alcohol, 24:24:1, extracted with chloroform/
isoamyl alcohol, 24:1, and then precipitated in ethanol with 300
mM sodium acetate and 16 ,ug of glycogen. Precipitated RNAs
were resuspended in Tris/EDTA and quantitated by absorp-
tion at 260 nm.

Binding to Immunoprecipitated PKR. Binding of radiola-
beled RNAs to immunoprecipitated PKR was assessed by
using a modification of the technique of Katze et al. (36).
Lysates were prepared from Escherichia coli strains expressing
wild-type PKR [E. coli BL21(DE3) pSRG2 (37)], a carboxyl-
truncated form of PKR [E. coli BL21(DE3) pSRG2BN (38)],
or the parental strain [E. coli BL21(DE3)]. The truncated form
of PKR, designated p20 for its molecular weight, lacks kinase
activity but binds dsRNA (38). Expression was induced with
isopropyl 3-D-thiogalactoside during logarithmic-phase
growth; cells were harvested 2.5 hr after induction. Cells were
lysed by incubation in 50 mM Tris, pH 8.0/1 mM EDTA/
lysozyme at 133 ,ug/ml/1 mM phenylmethylsulfonyl fluoride
for 20 min at 4°C, followed by addition of Triton X-100 to 1%
and incubation for 5 min at 37°C. The lysed cell solution was
treated with DNase I for 30 min at room temperature. DNA
and cell wall debris were removed by centrifugation; the
resulting supernatant was used in binding experiments. A
control lysate was also prepared from the parent strain, E. coli
BL21(DE3).
Monoclonal antibody to PKR was provided by A. Hova-

nessian (Institut Pasteur) (39). Monoclonal antibodies were
coupled to protein A-Sepharose (Calbiochem) in phosphate-
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buffered saline for 15 min at 4°C. The resin was washed three
times in buffer I [400 mM NaCl/50 mM KCl/20 mM Tris, pH
7.5/1% Triton X-100/1 mM EDTA/1 mM dithiothreitol/0.2
mM 4-(2-aminoethyl)benzenesulfonylfluoride/HCl (AEBSF;
Calbiochem)/20% glycerol]; then lysates from E. coli
BL21(DE3) pSRG2, E. coli BL21(DE3) pSRG2BN, or the
parental strain E. coli BL21(DE3) were added to aliquots of
the washed resin. Reactions were incubated for 1 hr at 4°C.
Resin aliquots were washed four times in buffer I, then three
times in binding buffer (25 mM Hepes, pH 7.4/10 mM
MgCl2/100 mM KCl/1 mM dithiothreitol/10 ,uM AEBSF/0.1
mM EDTA/bovine serum albumin at 0.1 mg/ml) containing
tRNA at 0.1 mg/ml. The final pellet was resuspended in
binding buffer with tRNA at 0.1 mg/ml. Radiolabeled RNAs
were added to separate aliquots of washed resin, and reactions
were incubated for 5 min at 30°C and then for 30 min at 4°C.
The resins were washed once in binding buffer containing
tRNA at 0.1 mg/ml and then washed three times in binding
buffer without tRNA. Bound radiolabeled RNAs were quan-
titated by using liquid scintillation counting.
PKR Kinase Assay. PKR purified by column chromatogra-

phy (40) from interferon-treated human Daudi cells was from
M. Mathews (Cold Spring Harbor Laboratory). Kinase activity
was assayed by standard methods (40) using 0.5 ,ul of purified
kinase per 10-,ul reaction. Reactions contained final concen-
trations of 75 mM KCl, 25 mM Hepes (pH 7.5), 10mM MgCl2,
1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM ATP, protease
inhibitors, and 5 ,uCi (1 Ci = 37 GBq) of [y-32P]ATP. Reac-
tions were supplemented with Tml-3 RNA or LS1 RNA (50
pM-50 nM), or reovirus RNA (1 ng/ml-1 jitg/ml), as indi-
cated. Reactions were incubated for 20 min at 30°C and then
quenched by the addition of SDS sample buffer. Phosphory-
lated proteins were separated by SDS/PAGE and visualized by
autoradiography.

RESULTS

Purified RNA from the 3'UTR of Tropomyosin Inhibits
Translation in Rabbit Reticulocyte Lysate. Purified RNAs
were tested for their ability to activate PKR and inhibit
translation in rabbit reticulocyte lysate using an assay modified
from the technique of Gunnery et al. (41). This assay is based
on the fact that endogenous PKR in a rabbit reticulocyte lysate
can be activated by the addition of exogenous activating RNA
such as reovirus dsRNA. Activation of PKR results in a
decrease in translation of a reporter mRNA. This assay has
been used to detect PKR inhibitors and to compare the relative
activities of mutants within inhibitory RNA sequences (41).
Using the reporter mRNA luciferase, translation can be as-
sessed by luciferase activity. This technique was used to
examine effects on translation of purified a-tropomyosin
3'UTR RNA from the clone Tml-3 (Tml-3 RNA). Tml-3
RNA contains 515 bp from the tropomyosin 3'UTR, starting
at the termination codon. LS1, a mutant of adenovirus VA
RNA&, was chosen as a control RNA. In contrast to wild-type
VA RNA1. LS1 does not inhibit activation of PKR (35, 42).
Reovirus dsRNA was also included in the assay because it has
been well-characterized as an activator of PKR (43, 44).
The results of the in vitro translation assay with reovirus

dsRNA, Tml-3 RNA, and LS1 RNA are shown in Fig. 1. As
expected, addition of reovirus dsRNA led to an inhibition of
luciferase mRNA translation. Addition of purified Tml-3
RNA also resulted in a decrease in translation. In contrast,
addition of purified LS1 RNA had no effect on translation. A
shortened tropomyosin RNA, consisting of 133 bases at the 3'
end of Tml-3 and designated Tm2-3 RNA, was also tested and
did inhibit translation (data not shown). The work of Rastine-
jad et al. (30) showed that the in vivo tumor-suppressor
function of tropomyosin RNA was present in the 3' half of the
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FIG. 1. Effects of RNAs on in vitro translation in rabbit reticulo-
cyte lysates. Purified RNAs were added to rabbit reticulocyte lysate at
the indicated final concentrations. (A) Reovirus dsRNA (0). (B) LS1
RNA (0) and Tml-3 RNA (0). Reactions were incubated at 30°C for
15 min to allow activation of PKR, then luciferase mRNA was added
to a final concentration of 15 ,ug/ml, and reactions were incubated for
30 min at 30°C. Luciferase activity was quantitated using a Dynatech
model ML3000 luminometer and normalized to a control translation
with only luciferase mRNA. Results shown are the average of three
separate experiments.

tropomyosin 3'UTR. Our results, which showed little differ-
ence between Tml-3 RNA and Tm2-3 RNA, are consistent
with this observation.

At the highest concentration of reovirus dsRNA, inhibition
of translation decreased slightly. This result is in keeping with
the previously reported bell-shaped curve of PKR activation by
dsRNA. High concentrations of dsRNA are known to be
inhibitory to PKR activation (45). It is not clear whether Tml-3
RNA would follow a similar pattern at higher concentrations.
As shown in Fig. 1, similar levels of inhibition of translation

were seen with 5 nM Tml-3 RNA (corresponding to 800
ng/ml) and reovirus dsRNA at 10 ng/ml. Thus, on a mass
basis, Tml-3 RNA required higher concentrations to cause
comparable levels of PKR activation. However, little is known
of the percentage of PKR activation required in vivo to
mediate significant effects including differentiation, growth
suppression, and tumor suppression.

Purified RNA from 3' UTR of Tropomyosin Does Not
Inhibit Translation in Wheat Germ Lysate. If the decrease in
translation seen in rabbit reticulocyte lysates were due to PKR
activation, a PKR-deficient translation system would not be
affected. Wheat germ lysate was chosen as a PKR-deficient
system. Wheat germ lysate is not responsive to reovirus dsRNA
(Fig. 2), suggesting that PKR-like activity is not present or is
not responsive to activators of the mammalian enzyme. More-
over, wheat germ lysate contained no proteins reactive in
immunoblots using polyclonal or monoclonal antibodies to
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FIG. 2. Effects of RNAs on in vitro translation in rabbit reticulo-
cyte lysate and wheat germ lysate. Purified LS1 and Tml-3 RNAs were

added to rabbit reticulocyte lysate (RRL) or wheat germ lysate (WG)
to a final concentration of 10 nM. Reovirus dsRNA was added to a

final concentration of 10 ng/ml; VA RNA, was added at a final
concentration of 5 ,Lg/ml. Reactions were incubated at 30°C for 15 min
to allow activation of PKR; then luciferase mRNA was added to a final
concentration of 15 ,ug/ml. Reactions were incubated for 30 min at
30°C for rabbit reticulocyte or 60 min at 27°C for wheat germ lysate.
Luciferase activity was quantitated by using a Dynatech model
ML3000 luminometer. Activities were normalized to the appropriate
control translation (rabbit reticulocyte lysate, wheat germ lysate, or

rabbit reticulocyte lysate with VA RNA,), with only luciferase mRNA.
Results shown are the average of two separate experiments.

PKR (data not shown). On the basis of these results, wheat
germ lysate was assumed to be effectively PKR-deficient.
The effects of reovirus dsRNA, Tml-3 RNA, and LS1 RNA

on translation in wheat germ as compared with rabbit reticu-
locyte are shown in Fig. 2. Luciferase mRNA was effectively
translated in both systems. Addition of LS1 RNA did not
significantly affect translation in either system. Although both
reovirus dsRNA and Tml-3 RNA inhibited translation in
rabbit reticulocyte lysate, neither inhibited translation signif-
icantly in wheat germ lysate.

Inhibition of Translation in Rabbit Reticulocyte Lysate Can
Be Prevented by the Addition of PKR Inhibitor. The obser-
vation that Tml-3 RNA inhibits translation in rabbit reticu-
locyte lysate but does not do so in wheat germ could be
explained by differences in translation factors between the two
systems: Tml-3 RNA might inhibit a translation factor that is
not present or is less sensitive in wheat germ. However, if the
decrease in translation seen in rabbit reticulocyte lysates was

due to PKR activation, a specific PKR inhibitor such as VA
RNA, would be expected to prevent the inhibition. VA RNA,
would not prevent inhibition of translation that was due to
putative factors specific to rabbit reticulocyte or more sensitive
in rabbit reticulocyte lysate. The results in Fig. 2 show that VA
RNA, blocked the inhibitory effects of Tml-3 RNA and
reovirus dsRNA on translation in rabbit reticulocyte lysate.
The presence ofVA RNA, did not affect the wheat germ lysate
result for any of the RNAs tested (data not shown).

Inhibition of Translation by the 3' UTR Is Not Due to
dsRNA Contamination from T7 Transcription. There have
been reports that T7 RNA polymerase in vitro transcription
can produce dsRNA contaminants that have the potential to
activate PKR and inhibit translation (34). Activation of PKR
by these contaminating RNAs was reported to be eliminated
by digestion with RNase III, a nuclease specific for dsRNA but
unaffected by digestion with RNase Tl, a nuclease specific for
single-stranded RNA. As described, the 3'UTR RNAs and LS1
RNA were purified through two gels, in accordance with a

published protocol for eliminating these dsRNA contaminants
(34). To formally exclude dsRNA contaminants as the PKR-
activating entity in our RNA preparations, RNAs were di-
gested with RNase Ti and then tested as translational inhib-
itors in a rabbit reticulocyte lysate assay. If the PKR activating
moiety were actually dsRNA contaminants from the T7 tran-
scription reaction, there would be no loss of function after Ti
digestion because Ti cannot cut dsRNA. Conversely, if the
PKR activating molecule were the 3' UTR transcripts con-
taining single-stranded regions, Ti digestion would decrease
PKR activation. Whereas both reovirus dsRNA and Tml-3
inhibit translation by '80%, only the reovirus inhibition was
maintained after RNase TI digestion. In contrast, nearly 80%
of the inhibition seen with Tml-3 RNA was relieved by
pretreatment of the RNA with RNase Ti (data not shown).
VA RNA, function was also assessed with and without Ti
digestion. VA RNA, function was significantly decreased by
RNase Ti, showing that the RNase Ti could cut single-
stranded RNA. These results indicate that the PKR-activating
molecule from the T7 transcription of Tml-3 is not dsRNA but
rather contains significant single-stranded RNA.
Tropomyosin 3' UTR RNA Binds Specifically to PKR. To

detect a physical interaction between Tml-3 RNA and PKR,
immunoprecipitated PKR was incubated with radiolabeled
RNAs. The results of this assay are shown in Table 1. Purified
radiolabeled Tml-3 RNA bound strongly to PKR immuno-
precipitated from a lysate of E. coli expressing human PKR but
not to a comparable immunoprecipitation using lysate of the
parental strain (E. coli BL21). VA RNA&, as expected, also
bound specifically to PKR, although less strongly than Tml-3.
LS1, as reported (46), bound less strongly than VA RNA,.
None of the RNAs bound a control preparation of protein
A-Sepharose and monoclonal PKR antibody. Both VA RNA,
and Tml-3 RNA also bound to a truncated PKR protein, p20,
which does not contain the kinase domain but does contain the
RNA-binding domain (data not shown). This latter result
indicates that the Tml-3 RNA recognizes the region of PKR
known to contain the RNA-binding domain (37).
Tropomyosin 3' UTR RNA Activates PKR. To confirm that

Tml-3 RNA can activate PKR, in vitro kinase assays were done
using human PKR purified from Daudi cells. As shown in Fig.
3, addition of increased concentrations of reovirus dsRNA
resulted in phosphorylation of PKR. Addition of Tml-3 RNA
also caused phosphorylation of PKR. Autophosphorylation
occurred at 5 nM Tm 1-3 RNA, which corresponds to 800
ng/ml. Synthetic dsRNAs such as poly(rI)-poly(rC) are typi-
cally added at 1 ,ug/ml to detect PKR activation (47-49). In
contrast, PKR was not phosphorylated in the presence of 50
nM LS1, a concentration that corresponds to 2.7 ,ug/ml. These
in vitro kinase activation results indicate that Tml-3 is a specific
RNA activator of PKR. The effects of Tml-3 RNA on

Table 1. Binding of tropomyosin 3'UTR RNA to
immunoprecipitated PKR

Input RNA bound, %

Lysate a-PKR mAb LS1 VA Tm
+ 0.1 0.1 0.1

E. coli + 0.03 0.01 0.2
E. coli (PKR) + 0.2 1 12

Monoclonal antibodies to PKR (a-PKR mAb) were coupled to
protein A-Sepharose. Lysates of E. coli expressing human PKR [E. coli
BL21(DE3) pSRG2; designated here as E. coli (PKR)] or parental
strain without PKR [E. coli BL21(DE3), designated here as E. coli],
were incubated with the washed resin. Resin was again washed and
then incubated with purified radiolabeled RNAs (1-2 x 107 cpm) for
5 min at 30°C and then for 30 mmn at 4°C. Res1nin wasiagain washed; then
bound RNAs were quantitated by scintillation counting. VA, adeno-
virus VA RNAI; LS1, nonfunctional adenovirus VA RNAI; Tm, Tml-3
RNA.
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FIG. 3. In vitro PKR kinase activity. PKR purified from interferon-
treated Daudi cells was incubated with reovirus dsRNA (Reo), or

purified Tml-3 RNA (Tm), or purified LS1 RNA (LS1), at the
indicated concentrations, in 75 mM KCI/25 mM Hepes, pH 7.5/10
mM MgCl2/1 mM dithiothreitol/0.1 mM EDTA/0.1 mM ATP/
protease inhibitors/5 ,uCi of [y-32P]ATP. Reactions were incubated
for 20 min at 30°C and then quenched by the addition of SDS sample
buffer. Phosphorylated proteins were separated by SDS/PAGE; an

autoradiogram of the gel is presented.

translation and the direct demonstration of PKR activation by
this RNA suggest that activation of cellular PKR may account
for the tumor-suppressor activity of tropomyosin 3'UTR RNA
in vivo.

DISCUSSION
The results presented here show that RNA from the 3'UTR of
tropomyosin inhibited translation in a manner consistent with
PKR activation. Translation was inhibited in rabbit reticulo-
cyte lysate, a mammalian system known to contain PKR but
was not inhibited in wheat germ lysate. Inhibition of translation
by Tml-3 RNA was prevented by VA RNA&, an inhibitor of
PKR activation. In short, RNA from the 3'UTR of tropomy-
osin functions in a manner analogous to reovirus dsRNA, the
prototypical activator of PKR. Our results also show a direct
interaction between PKR and Tml-3 RNA. Tml-3 RNA
bound to PKR in vitro (Table 1) and activated purified PKR in
vitro, as assessed by autophosphorylation in a kinase assay (Fig.
3). It seems unlikely that this RNA would bind and activate
PKR and yet inhibit translation through a mechanism totally
unrelated to PKR. There are several significant implications in
the finding that PKR is activated in vitro by tropomyosin RNA.
(i) It extends the characteristics of PKR activators to include
single-stranded RNA. (ii) It adds to growing evidence that
cellular RNAs can activate PKR. (iii) Since tropomyosin
3'UTR RNA has been shown to act as a tumor suppressor in
vivo, it suggests that PKR may actually mediate the tumor-
suppressor activity observed with tropomyosin 3'UTR RNA.
Each of these points warrant further discussion.

Activation of PKR by dsRNA is thought to be length
dependent but not sequence dependent, requiring at least 30
perfectly duplexed base pairs. Efficiency of activation in-
creases with increased duplex length, reaching a maximum at
85 bp (38). However, the results presented here, as well as

recent work with hepatitis delta virus RNA (50), indicate that
PKR activation may also occur with RNAs that would not be
predicted to have double-stranded regions of this length.
Tml-3 RNA is single-stranded (confirmed by its sensitivity to
RNase T1) and not predicted to contain any regions of
duplexed bases longer than 20 bp (MacDNASIs analysis, data not
shown). Thus our results with Tml-3 RNA indicate that PKR
activation by RNA may not be as length and duplex dependent
as was previously thought based on experiments using synthetic
dsRNA polymers (38, 51, 52).
PKR was first characterized as part of the interferon-

induced antiviral response, and the best-characterized activa-
tors are viral and synthetic dsRNAs. PKR has also been shown
to act as a tumor suppressor and therefore may have a role in

cell growth apart from viral infection. Little is known about
nonviral activators of PKR, but cellular activators must exist in
order for PKR to assume such a role. Support for PKR
involvement in cellular regulation comes from work with
3T3-F442A cells showing that phosphorylation of PKR can
occur in the absence of viral infection and that activation of
PKR in these cells correlates to differentiation into adipocytes
(53). A poly(A)+ RNA isolated from 3T3-F442A cells was
found to activate PKR in vitro (54). This RNA could be
immunoprecipitated with PKR. The identity of this RNA has
not been established; although it appears to be an mRNA, its
translation product is unknown (54). PKR can also be activated
in vitro by its own mRNA (55). The results presented here show
that tropomyosin 3'UTR RNA activates PKR in vitro, thus
extending the list of cellular activators. The identification of a
specific cellular RNA that can activate PKR lends credence to
the idea that PKR may play an essential role in regulation of
normal cellular growth.

It is significant that tropomyosin 3'UTR RNA has been
implicated as a transacting regulator of growth and differen-
tiation (29) and as a tumor suppressor (30). One intriguing
possible mediator of such an activity is PKR, an enzyme that
requires activation by RNA. The results presented here suggest
that PKR could mediate the tumor-suppressor activity ob-
served with tropomyosin 3'UTR RNA.
While it would not be surprising to find that other cellular

RNAs might also activate PKR, translation could not occur in
vivo or in vitro unless most RNAs fail to activate PKR. In
support of this idea, recently published work has shown that a
cellular mRNA, (2 microglobulin, does not activate PKR (56).
Control of PKR activity may require balancing the activities of
cellular activators and inhibitors. Further research in this area
will be crucial to understanding the role of cellular RNAs in
regulating PKR and will undoubtedly lead to exciting results
concerning the role of PKR in tumor suppression.
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