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Cell stress, viral infection, and translational inhibition increase the abundance of human Alu RNA, sug-
gesting that the level of these transcripts is sensitive to the translational state of the cell. To determine whether
Alu RNA functions in translational homeostasis, we investigated its role in the regulation of double-stranded
RNA-activated kinase PKR. We found that overexpression of Alu RNA by cotransient transfection increased
the expression of a reporter construct, which is consistent with an inhibitory effect on PKR. Alu RNA formed
stable, discrete complexes with PKR in vitro, bound PKR in vivo, and antagonized PKR activation both in vitro
and in vivo. Alu RNAs produced by either overexpression or exposure of cells to heat shock bound PKR,
whereas transiently overexpressed Alu RNA antagonized virus-induced activation of PKR in vivo. Cyclohexi-
mide treatment of cells decreased PKR activity, coincident with an increase in Alu RNA. These observations
suggest that the increased levels of Alu RNAs caused by cellular exposure to different stresses regulate protein
synthesis by antagonizing PKR activation. This provides a functional role for mammalian short interspersed

elements, prototypical junk DNA.

Selfish DNA sequences are hypothesized to be neutral or
nearly neutral parasites. However, repetitive, human Alu ele-
ments cause deleterious mutations both by retrotranspositional
insertion and by unequal, homologous recombination (40).
Accordingly, there may be some compensating selective advan-
tage, if not a normal physiological role, for maintaining Alus
within the human lineage. Among various possibilities, Alu
transcripts may provide this selective advantage.

Despite the presence of nearly one million Alus, most of
which have internal promoter elements for RNA polymerase
III (Pol IIT), Alu RNA transcripts are very scarce in cultured
human cells (29, 43). Pol III proceeds through an Alu template
until a fortuitous terminator, consisting of four or more T
residues, is encountered within the 3 flanking sequence. These
primary full-length Alu (flAlu) RNAs contain the dimeric re-
peat structure that is typical of consensus Alu elements and
have a cytoplasmic lifetime of about 30 min (6, 39, 44). A
fraction of flAlu RNA is processed into more stable, small
cytoplasmic Alu (scAlu) RNA, which corresponds to the left
monomer of the dimeric structure (32). There are about 500
copies of flAlu and scAlu RNAs in uninduced HeLa cells (29).

An infection of human cells by either adenovirus, human
immunodeficiency virus, or herpes simplex virus dramatically
increases the abundance of flAlu RNA (19, 20, 36). In the case
of adenovirus, virus-encoded gene products increase the rate
of Alu transcription (36). In addition, cell stress (whether by
heat shock or other treatments) and translational inhibition by
cycloheximide cause transient increases in the abundance of
flAlu RNA (28). Cell stress and cycloheximide also increase
the abundance of mouse and rabbit short interspersed element
(SINE) transcripts, indicating that this response is evolution-
arily conserved (28). Although these treatments increase the
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level of flAlu RNA, they increase only slightly the abundance
of scAlu RNA, which is posttranscriptionally regulated (28).

One common feature of cell stress, viral infection, and trans-
lational inhibition is altered protein synthesis. Considering
heat shock as one example of cell stress, protein synthesis is
first inhibited, subsequently restored during cell recovery to
engage expression of newly synthesized heat shock protein
mRNAs, and later switched to restore expression of the pre-
heat shock mRNA cohort (12). Mechanisms that regulate trans-
lational initiation are the primary effectors of these changes.

Viral infection affects translational initiation by several dif-
ferent pathways, including activation of double-stranded RNA
(dsRNA)-regulated protein kinase PKR (8, 33, 41). Viral dsR-
NAs induce PKR autophosphorylation and kinase activation,
leading to phosphorylation of the « subunit of eukaryotic ini-
tiation factor 2 (eIF-2a) and subsequent repression of host cell
protein synthesis (9, 34). As a counter measure, small highly
structured virus-encoded RNAs, such as adenovirus VAI RNA,
competitively bind PKR, blocking its autophosphorylation and
autoactivation (22, 41). High concentrations of activator
dsRNAs, such as human immunodeficiency virus type 1 TAR
RNA, can inhibit PKR activity (17, 30) as can a number of
virus-encoded proteins (21).

The effects of cell stress, particularly heat shock, upon trans-
lational initiation are complex. Upon heat shock, elF-2a is
initially phosphorylated to block protein synthesis by hemin-
regulated initiation factor-2 kinase, which is unresponsive to
dsRNA (8, 10). The role of PKR during heat shock is un-
known, but it first becomes associated with an insoluble cyto-
solic fraction and subsequently reenters the soluble fraction
during recovery (11). During heat shock recovery, the level of
elF-2a phosphorylation decreases as protein synthesis is re-
stored (12).

Given the increase in Alu RNA caused by cell stress, inhi-
bition of protein synthesis with cycloheximide, and viral infec-
tion and the agonistic and antagonistic effects of dsSRNAs upon
PKR activity, we investigated the effects of Alu RNA on the
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expression of a reporter gene and PKR activation as well as the
changes in PKR activity caused by these cellular treatments.

MATERIALS AND METHODS

Expression and induction of Alu RNAs. Human 293 cells were cultured and
transfected by the calcium phosphate method as previously described and har-
vested either 24 or 48 h later for analysis (6, 18). Clones for transfection included
a luciferase reporter; a previously described flAlu RNA-overexpressing clone,
XAT (6); and a clone, XAL, which overproduces left Alu RNA monomers (i.e.,
scAlu-like RNA). This clone contains the 7SL RNA promoter elements and the
left Alu monomer from clone XAT, followed by five T residues, beginning at Alu
consensus position 119 (39). Equivalent amounts of DNA were transfected in all
experiments by adding additional pUC DNA. Cloned genes expressing VAI
RNA, 5S rRNA, and 7SL RNA were also used in transfection assays (3, 24, 27).

RNA was analyzed by primer extension with reverse transcriptase and primers
to detect 7SL RNA, flAlu RNA, 5S rRNA, and scAlu RNAs as previously
described (6). The 7SL RNA primer (ATGCCGAACTTAGTGCGG) gives a
128-nucleotide (nt) primer extension product. Primer Alu 71 (GGTTTCACCG
TGTTAGCCA) is directed toward the left Alu monomer, giving a 107-nt primer
extension product for both scAlu and flAlu RNAs. Primer Alu 21-mer (GCGA
TCTCGGCTCACTGCAAG) gives a 238-nt product for flAlu RNA and two
additional products. Alu 21-mer also misprimes transcripts from clone XAT,
giving a shorter (210-nt) product that is diagnostic for XAT transcripts. Addi-
tionally, this primer gives a longer (350-nt) primer extension product, corre-
sponding to an endogenous mRNA that evidently contains an Alu element (29).
Primers for VAI RNA (AAAAGGAGCGCTCCCCCGTT) and 5S rRNA (AA
AAAGCCTACAGCACCCGGTA) give 159- and 120-nt primer extension prod-
ucts, respectively. Heat shock, cycloheximide addition, and adenovirus infection
of 293 cells were performed according to previous protocols, with exceptional
details described in the text (28, 36). In particular, we employed a significantly
lower multiplicity of infection (1 to 5 PFU per cell) in this study.

Preparation of recombinant PKR. PKR was cloned into expression vector
pET-15b (Novagen) and bacterially expressed as a hexahistidine-tagged fusion
protein as described previously (33). Cell culture, cell lysis and extraction, and
protein purification by nickel-agarose affinity column chromatography and by gel
filtration fast-performance liquid chromatography were carried out as previously
described (34) with the following modifications. The gel filtration chromatograph
was developed in 20 mM sodium phosphate buffer (pH 7.0) containing 200 mM
NaCl and 1 mM EDTA. The PKR fraction was loaded on a 2-ml bed volume SP
Sepharose FF ion-exchange column (Pharmacia), washed with the same buffer,
and eluted in buffer containing 300 mM NaCl. The eluent was concentrated to
approximately 0.3 mg/ml with a disposable ultrafiltration device (Ultrafree-CL;
Millipore) and stored in small aliquots at —80°C until used. Protein concentra-
tions were estimated by Coomassie staining of sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis gels and by spectrophotometric absorbance
with a protein extinction coefficient derived from a purified enzymatically inac-
tive mutant form of PKR, PKR[K296R] (4, 5). The final protein preparation was
judged to be free of nucleic acid contamination by UV spectrophotometry.

Coimmunoprecipitation assays of PKR-Alu RNA complexes. 293 cells (treated
with either heat shock or cycloheximide, infected with adenovirus, or transiently
cotransfected with Alu expression vectors) were harvested at the indicated times.
Cell extracts were reacted with either HL 71/10 monoclonal antibody against
PKR (15) or normal mouse immunoglobulin G in buffer I (0.15 M NaCl, 0.4%
Nonidet P-40 [NP-40], 20 mM VRC [Bethesda Research Laboratories], 10 mM
Tris-HCI [pH 7.6], 0.2 mM phenylmethylsulfonyl fluoride, 1 pg [each] of apro-
tinin, leupeptin, and pepstatin per ml) on ice for 30 min. Protein A agarose (20
wl; Santa Cruz Biotechnology) was added and incubated with gentle shaking at
4°C for another 3 h (23). After being washed in buffer IT (0.15 M KCI, 10 mM
Tris-HCI [pH 7.6], 0.2 mM EDTA, 20% glycerol, 0.125% NP-40, 0.2 mM phe-
nylmethylsulfonyl fluoride, 1 pg [each] of aprotinin, leupeptin, and pepstatin per
ml), immunoprecipitates were resuspended in RNA lysis buffer (0.14 M NaCl,
0.5% NP-40, 0.5 mM EDTA, 10 mM Tris-HCI [pH 7.6]), extracted with phenol-
chloroform, and precipitated with ethanol. RNAs were assayed by primer exten-
sion as described above.

RNA electrophoretic mobility shift assays. Plasmids containing Alu, tRNA,
and VAI sequences driven by the T7 promoter (pT7flAlu, pT7tRNA, and
pT7VAL respectively) were constructed by PCR amplification from clone XAT
(6), the Xenopus tRNAM®! gene (24), and the VAI gene (2), respectively, fol-
lowed by directional cloning into pGEM3Z (Promega). The sequences of the
primers used to create each construct were as follows: forward primer 628
(5'"-AAAGAATTCGGCCGGGCGCGGTGGT-3") and reverse primer 629 (5'-
AAAGGATCCGAGACGGAGTCTCGCT-3") for pT7fluAlu, forward primer
XItRNAmeteco.f (5'-TCCGAATTCAGCAGAGTGGCGCAGC-3') and re-
verse primer XItRNAbam.r (5'-TCTGGATCCTAGCAGAGGATGGTTTCG-
3") for pT7tRNA, and forward primer VAleco.f (5'-GCAGAATTCGGGCAC
TCTTCCGTGGTCTG-3") and reverse primer VAlxba.r (5'-GCATCTAGAGG
AGCGCTCCCCCGTTGTCT-3") for pT7VALI The identities of these constructs
were verified by sequencing. After purification by banding in CsCl-ethidium
bromide gradients, plasmids were linearized by cleavage with BamHI (pT7flAlu
and pT7tRNA) or Xbal (pT7VAI), isolated as a band from an agarose gel, and
purified with Gene Clean (Bio 101). After transcription with T7 RNA polymer-
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ase and with [a->*P]UTP as the labeled substrate, RNA was purified by DNase
treatment, extraction with phenol-chloroform-isoamyl alcohol, and precipitation
with ethanol. The RNA concentration was determined by scintillation counting.

For binding assays, PKR[K296R] at the indicated concentrations was incu-
bated with 0.2 ng of labeled transcript in a reaction buffer consisting of 50 mM
KCl, 5 mM MgCl,, 15 mM HEPES-KOH (pH 7.4), 1 mM dithiothreitol, 1 mM
Pefabloc SC (Boehringer Mannheim), 0.1 mg of bovine serum albumin per ml,
6 U of RNAguard (Pharmacia) per ml, and 1.0 pg (each) of pepstatin, leupeptin,
and aprotinin per ml. After binding for 20 min at room temperature, dye-glycerol
was added and reactions were analyzed by electrophoresis through nondenatur-
ing 5% polyacrylamide gels (bisacrylamide/acrylamide ratio, 1:29) run in 1X
Tris-borate-EDTA. Quantitation was performed by using a Fuji Bas 1000 phos-
phorimager and MacBas software.

For competition binding assays, labeled transcripts were preincubated with
PKR for 5 min at room temperature. After preincubation, unlabeled competitor
RNA was added, and samples were incubated for an additional 15 min. Dye-
glycerol was added, and samples were analyzed as described above.

PKR autophosphorylation assays. Recombinant PKR (0.33 pg) was preincu-
bated at 30°C with various RNAs for 6 min in reaction buffer (55 mM KCI, 5 mM
Tris-HCI [pH 7.6], 10% glycerol, 2 mM MgCl,, 1 mM MnCl,, 0.1 mM EDTA)
(23). Transcripts synthesized by T7 RNA polymerase as described above were
subjected to an additional step of gel purification for use in these assays. Poly(T) -
poly(C) (3 ng/ul [final concentration]) and 5 wCi of [y->*P]ATP with unlabeled
ATP to a 1.5 uM final concentration were added in a final reaction volume of 20
wl, and the mixture was incubated for 25 min at 30°C. Twenty microliters of
Laemmli’s buffer was added, and samples were boiled for 5 min, resolved on an
SDS-8% polyacrylamide gel, and analyzed by autoradiography and by phospho-
rimager analysis.

Assay of PKR activity. Human 293 cells were transiently transfected for 48 h
prior to being harvested with genes for various small RNAs or equivalent
amounts of plasmid DNA. In addition, cells were subjected to either heat shock,
cycloheximide treatment, or viral infection as indicated in the text. In studies of
viral infection, cells were infected with 1 to 5 PFU of either wild-type adenovirus
or adenovirus d/720 (Ad720) or were mock infected 20 h prior to being har-
vested. Ad720 has defective VAI and VAII RNA genes (9). At 17 h prior to
being harvested, cells were treated with 1,000 U of interferon (Sigma) per ml.
PKR was purified with either a commercial PKR antibody (Santa Cruz) or a
previously described PKR antibody (4) by the immunoprecipitation procedure
described above and resuspended in buffer III (10 mM Tris-HCI [pH 7.6], 100
mM KCl, 20% glycerol, 0.2 mM EDTA). The authenticity of PKR precipitated
by the commercial antibody was verified by Western analysis with a well-char-
acterized polyclonal antibody (4). PKR activity was assayed as described above,
except that 75 mM KCI was employed. The level of PKR was measured by
Western blotting.

RESULTS

Overexpression of Alu RNAs increases protein synthesis.
Previously, we developed a flAlu RNA overexpression vector
(clone XAT) consisting of the 5" flanking sequence of the 7SL
RNA gene linked to an Alu element with an efficient termina-
tor (6). Subsequently, we developed a system (clone XAL) to
overexpress left monomers of this Alu element (scAlu-like
RNA) by placing an efficient terminator, consisting of five
consecutive T residues, immediately adjacent to the left Alu
monomer in clone XAT (29a). Upon transient transfection
into 293 cells, clone XAL produces very high levels of long-
lived 118-nt left monomer scAlu RNA transcripts.

flAlu and scAlu-like RNA overexpression vectors were tran-
siently cotransfected with a luciferase reporter construct to test
the effects of Alu transcripts on protein synthesis (Fig. 1A). As
controls, equivalent amounts of plasmid pUC, a cloned VAI
RNA gene, and a cloned 7SL RNA gene were also transiently
cotransfected with the reporter. Compared to the pUC control,
overexpression of scAlu-like RNA and 7SL RNA led to mod-
est but consistent increases in luciferase activity. In contrast,
flAlu RNA and VAI RNA provided significantly greater stim-
ulation of luciferase activity (ca. 10- to 16-fold in replicate trials
for cells transfected with 10 ng of the flAlu overexpression
clone) (Fig. 1A and data not shown). The very different effects
of scAlu-like and flAlu RNAs on luciferase activity provided a
negative control for this experiment. We routinely observed
much higher levels of scAlu-like RNA compared to those of
flAlu RNA in overexpression assays (data not shown) (see Fig.
7). However, scAlu-like RNA had relatively modest effects
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FIG. 1. Effects of Alu RNAs on a transiently coexpressed reporter gene. (A)
293 cells were transiently cotransfected with a luciferase reporter gene (0.1 pg)
and the indicated quantity of a clone overexpressing 7SL, scAlu-like, flAlu (clone
XAT), or VAI RNA or plasmid pUC for a 293 cell control and with additional
pUC DNA to provide a total of 40 pg of DNA for each sample. Luciferase
activities were assayed at 24 h after transfection and are reported in arbitrary
luminosity units. (B) The amounts of luciferase mRNA were assayed by primer
extension in cells transfected with 0.1, 2.5, and 10 pg of clones overexpressing the
indicated RNA.

upon luciferase activity. scAlu-like RNA effectively served as a
defective Alu mutant, providing a negative control for this and
subsequent experiments.

Differences in luciferase activity may result from differences
in either transcriptional or translational activity. As assayed by
primer extension, luciferase mRNA accumulated to similar
levels in these transfection assays (Fig. 1B). By phosphorim-
ager analysis, the levels of luciferase mRNA in control 293 cells
and cells overexpressing flAlu RNA were virtually identical.
We therefore conclude that flAlu RNA, like VAI, increases
luciferase activity by increasing the translational activity of its
mRNA.

While the results are reproducible, such transient-overex-
pression experiments must be cautiously interpreted. As re-
ported below, PKR is implicated in the effects that Alu RNA
has upon protein expression. Since PKR negatively regulates
its own expression (2), complex changes in cell physiology may
occur during the time span employed for transient-transfection
assays.

The effects of flAlu RNA on the luciferase reporter may be
an artifact of its gross overexpression. In this event, the level of
overexpressed flAlu RNA required to increase expression of
the reporter gene would greatly exceed naturally occurring
levels of endogenous flAlu RNA. We therefore compared the
levels of exogenous and endogenous flAlu RNAs (Fig. 2). In
agreement with the results shown in Fig. 1, overexpression of
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flAlu RNA increased expression of the luciferase reporter
gene nearly fivefold over the range of transfected XAT DNA
investigated (Fig. 2). The level of overexpressed flAlu RNA
was determined by primer extension relative to the abundance
of 7SL RNA to control for RNA loading. The abundance of
flAlu RNA increased about fivefold over the experimental
range investigated (Fig. 2). Moreover, there was an excellent
correlation between increasing levels of flAlu RNA and lucif-
erase activity (Fig. 2).

We also observed two- to threefold increases of flAlu RNA
in cells that either were treated with cycloheximide, were re-
covering from heat shock, or were infected with adenovirus
(Fig. 2). The endogenous levels of flAlu RNA induced by these
cellular treatments were similar to the levels that increased
expression of the reporter gene. In interpreting this experi-
ment, the remarkable efficiency with which Pol III-directed
templates are expressed in a majority of transfected cells
should be noted (1). Apparently, endogenous flAlu RNA can
achieve the levels required to stimulate translational expres-
sion. Since overexpression of flAlu RNA and VAI RNA, a
known PKR antagonist (22), had similar effects upon luciferase
activity (Fig. 1), these RNAs may increase translation through
a similar mechanism.

PKR binds flAlu RNA in vive. To determine whether Alu
RNAs interact with PKR in vivo, the association of overex-
pressed flAlu RNA with PKR was assayed by immunoaffinity
binding of PKR and by primer extension of Alu RNAs with
reverse transcriptase (Fig. 3A). As negative and positive con-
trols, we tested the binding of PKR to 7SL RNA and overex-
pressed VAI RNA, respectively. As a further control for pos-
sible effects due to the transfection procedure, we also
employed cells which had been transfected with the 7SL. RNA
gene, although we did not attempt to distinguish between en-
dogenous and overexpressed exogenous 7SL RNAs. None of
these three RNAs precipitated in a mock control (Fig. 3A,
lanes 6 through 8). Both overexpressed VAI and flAlu RNAs
immunoprecipitated with PKR, but there was no detectable
interaction between 7SL RNA and PKR (Fig. 3A, lanes 9
through 11). Although we have not examined whether our
procedures result in quantitative precipitation of PKR, we
calculate that 0.4% of flAlu RNA coprecipitated with PKR in
this experiment.

Since overexpression of Alu RNAs from transiently trans-
fected templates may artifactually cause PKR to bind Alu
RNA, we tested the binding of PKR to endogenous flAlu RNA
(Fig. 3B). To compare the effect of flAlu RNA overexpression
on PKR activity, we also repeated the immunoprecipitation of
overexpressed flAlu RNA with part of the resulting immuno-
precipitate for primer extension analysis (Fig. 3B, lanes 13
through 16) and part for assays of PKR activity (see Fig. 8). As
previously reported, the abundance of flAlu RNA increased in
cells infected with virus (4.2-fold; Fig. 3B, lane 2), treated with
cycloheximide (2.4-fold; lane 3), or recovering from heat shock
(4.3-fold; lane 4). We also observed a 2.0- to 4.3-fold increase
in flAlu RNA upon overexpression (Fig. 3B, lanes 5 through
8); therefore, the range of overexpression examined here is
comparable to the increases induced by these cellular insults.
In contrast to 7SL RNA, endogenous flAlu RNAs coimmuno-
precipitated with PKR (Fig. 3B, lanes 9 through 12). The low
signals of bound Alu RNA (Fig. 3B, lanes 9 through 16) cannot
be accurately quantitated against the lane-specific background.
However, we qualitatively observe that higher levels of either
endogenous or exogenous flAlu RNA generally resulted in
higher levels of association with PKR (Fig. 3B; compare lanes
2 and 10, lanes 4 and 12, and lanes 8 and 16). The slight
increase in flAlu caused by cycloheximide in this particular
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FIG. 2. Cotransfection of the luciferase reporter gene and the flAlu RNA-overexpressing clone XAT was performed as described in the legend to Fig. 1, except
that cells were harvested at 48 h after transfection. The level of luciferase activity (expressed in arbitrary luminosity units) is shown. Primer extension (insert) was used
to assay for the abundances of both Alu RNA and 7SL RNA for 293 control cells (lane 1); cells transfected with 0.5, 2.5, 5.0, and 1.25 g of clone XAT (lanes 2 through
5, respectively); cells infected with adenovirus for 24 h (lane 6); cells treated with 100 wg of cycloheximide per ml for 4 h (lane 7); and cells recovering for 2 h from
heat shock (lane 8). The primers for flAlu and 7SL RNAs were mixed at a ratio of 30 to 1. The abundance of flAlu RNA (circles), relative to that of 7SL RNA, was
determined by phosphorimager analysis of the corresponding primer extension products. The positions of 7SL and Alu primer extension products are indicated; the
diffuse intermediate band is an artifact that is occasionally observed for the 7SL primer.

experiment (Fig. 3B, lanes 1 and 3) did not cause a convincing
increase in PKR binding relative to that of the control (lanes 9
and 11).

FlAlu RNA forms stable PKR complexes. The association of
flAlu RNA with PKR may result from direct interaction or may
be mediated by other factors. Gel mobility shift assays were
employed to detect possible complexes between PKR and
flAlu RNA. PKR forms two discrete complexes, C1 and C2,
with flAlu RNA (Fig. 4). As the PKR concentration increased,
the abundance of the lower-mobility complex, C2, increased
relative to that of the higher-mobility complex, C1 (Fig. 4).

The observed mobility shift patterns for flAlu RNA can be
interpreted as resulting from either protein oligomerization,
the binding of protein to multiple sites in the dimeric sequence
of flAlu RNA, or a combination of both. If we assumed that C1
and C2 consist of one and two PKRs bound to flAlu RNA,
respectively, then the dissociation constant for each of these
two sites was estimated to be 0.25 wM. This suggests that the
dimeric sequence within flAlu RNA contains two indistinguish-
able and independent PKR binding sites (Fig. 4), a very attrac-
tive possibility. However, PKR is in equilibrium between mo-
nomeric and dimeric forms, and the addition of dSRNA shifts
this equilibrium toward the protein dimeric state, presumably
by stabilizing the dimer (4). Thus, the C2 complex may instead
result from the stabilization of the PKR dimer at higher pro-
tein concentrations.

VAI RNA and tRNA also formed discrete complexes with
PKR (Fig. 5, lanes 6 and 11). The T7-synthesized VAI RNA
used in this study contains additional polylinker sequence,
which may alter its structure and association with PKR. How-
ever, in excellent agreement with a previous determination
(38), the dissociation constant for the major PKR-VAI RNA
complex was 0.3 uM (Fig. 5, lane 11, and data not shown).
Thus, the stabilities of the Alu RNA and VAI RNA mobility
shift complexes with PKR were virtually identical. Like flAlu
RNA, VAI RNA also formed higher-order PKR complexes
(Fig. 5). The PKR-tRNA complex was only slightly less stable,
having a dissociation constant of 0.6 uM (Fig. 5, lane 6, and
data not shown).

Although the dissociation constants for complexes with
these three RNAs were very similar, competition assays with
preformed complexes revealed a significant difference between
the binding of PKR to flAlu RNA and binding to either tRNA
or VAI RNA (Fig. 5). Complexes with a radiolabeled RNA
tracer were preformed for 5 min before the addition of unla-
beled competitor RNA (VAI RNA in this example), after
which the mixture was incubated for an additional 15 min.
Preliminary gel mobility shift assays indicated that 5 min is
sufficient to completely preform these complexes, as the ob-
served dissociation constant remained unchanged during incu-
bation for 45 min. In addition, competition occurred within 5
min after the addition of unlabeled competitor so the amount
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FIG. 3. Coimmunoprecipitation of Alu RNAs with PKR. PKR was immunoprecipitated with monoclonal antibody against PKR or normal mouse immunoglobulin G by
absorption upon protein A-Sepharose, resulting in supernatant (Sup), immunoprecipitation (IP), and control (Mock) fractions, which were assayed by primer extension. (A)
Cells were transiently transfected with clones (10 ug) XAT (lanes 1, 5, 8, and 11), 7SL (lanes 2, 3, 6, and 9) and VAI (lanes 4, 7, and 10). The resulting samples were assayed
with the specific primer directed toward the corresponding RNA, except for lane 1, in which we employed a mixture of Alu, 7SL, and VAI RNA primers. The relative amounts
of primers employed for the supernatant fractions were adjusted in the Alu/VAI/7SL ratio of 30:3:1 to provide comparable cDNA products, except for lane 3, in which the
7SL primer was used at the same concentration as was the Alu primer. Equal amounts of the three primers were used to assay the mock and immunoprecipitation fractions.
Equal amounts of RNA (20 pg) were assayed in supernatant fractions, except for lane 3, in which 0.66 pg of RNA was assayed. The total mock and immunoprecipitation
fractions were assayed. (B) Using 7SL/Alu primer mixture ratios of 1:30 for supernatants (Sup) and 1:1 for immunoprecipitates, primer extension was performed with control
293 cells (lanes 1 and 9) and cells infected with adenovirus mutant Ad720 at 1 to 5 PFU per cell (lanes 2 and 10), treated with 100 pg of cycloheximide per ml for 4 h (lane
3 and 11), or recovering for 2 h from heat shock (lane 4 and 12), as well as cells transfected with pUC alone (lanes 5 and 13) and XAT (2.5 [lanes 6 and 14], 5 [lanes 7 and
15], and 10 [lanes 8 and 16] pg). All transfections were adjusted to 10 ug with pUC. For supernatant fractions (lanes 1 through 8), 10 pg of RNA was assayed. The entire
immunoprecipitate was assayed for lanes 9 through 12, but the immunoprecipitates for transfected samples (lanes 13 through 16) were divided for primer extension analysis
(70%) and PKR assays (30%) as described in the legend to Fig. 8. Because of this difference and the number of cells employed, the immunoprecipitates for transfected samples
(lanes 13 through 16) corresponded to 35% of the material examined for endogenous samples (lanes 9 through 12). Phosphorimager determinations of the relative abundances
of flAlu RNA in supernatant fractions, with the intensities of 7SL RNA bands used as internal controls for RNA loading, are cited in the text.

5 6 7 8

of complex was not changed by competitive incubation for at
least 0.5 h. VAI RNA at a concentration of 25 nM was suffi-
cient to displace both tRNA and labeled VAI RNA from
preformed PKR complexes (Fig. 5, lanes 8 and 13). In contrast,

the PKR-flAlu RNA complex resisted competition by 2,500
nM VAI RNA (Fig. 5, lane 5). In otherwise identical experi-
ments with either flAlu RNA, B1 RNA, or poly(I) - poly(C) as
the unlabeled competitor, we obtained results similar to those



VoL. 18, 1998

PKR (nM) 0 50 100 250 500 750 1000

Well — L e e~

c2 —* .

ct — e ——-—

CTT

FIG. 4. Gel mobility shift assays of PKR-flIAlu RNA complexes. Labeled
flAlu RNA was incubated with the indicated amounts of PKR[K296R] and
assayed by gel electrophoresis. The positions of free probe, high- (C1) and low
(C2)-mobility complexes, and wells are indicated. Phosphorimager analysis was
used to measure the amounts of free RNA and complexes; the dissociation
constant of complex C1 was 0.26 M. As discussed in the text, the dissociation
constant for C2 was model dependent. Assuming that C2 results from occupancy
of two PKR binding sites within flAlu RNA, the estimated dissociation constant
for the PKR complexes associated with each site was 0.24 pM.

Free probe

shown in Fig. 5 (data not shown). Thus, the PKR-flAlu com-
plex is stable at competitor concentrations which eliminate
tRNA and VAI RNA complexes.

Since the dissociation constants observed for the PKR com-
plexes formed with these RNAs were rather similar, these
results are surprising. Among several possibilities, the flAlu-
PKR complex may be kinetically more stable than are com-
plexes formed with tRNA and VAI RNAs. As precedence for
this possibility, preformed VAI RNA-PKR and poly(I) -
poly(C)-PKR complexes are kinetically resistant to competi-
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tion by poly(I) - poly(C) (15). We strongly favor this kinetic
interpretation since we also observed that preformed flAlu-
PKR complexes resisted competition by unlabeled flAlu RNA.
However, PKR has high- and low-affinity binding sites (15);
therefore, complex formation and competition for these RNAs
may occur at different sites. While the difficult question of
whether this difference is kinetically or thermodynamically de-
termined remains to be decisively resolved, PKR-flAlu RNA
complexes were more stable than were the complexes that
PKR formed with either tRNA or VAI RNA (Fig. 5).

Alu RNA antagonizes PKR autophosphorylation. Since
flAlu RNA forms complexes with PKR, we tested its effects on
PKR autophosphorylation in vitro. flAlu RNA at concentra-
tions of 50 fg/pl to 15 ng/pl did not stimulate PKR autophos-
phorylation in vitro (data not shown). Therefore, we next ex-
amined its possible antagonism of PKR activation in the
presence of dsRNA.

Low concentrations of poly(I) - poly(C) induce PKR auto-
phosphorylation, whereas high concentrations are inhibitory
(14, 23). In preliminary experiments, the optimal concentration
of poly(I) - poly(C) was found to be 3 ng/pl (Fig. 6, lanes 7 and
10). In the absence of dsRNA, PKR exhibited no kinase activ-
ity (Fig. 6, lanes 8 and 9). Very low concentrations (e.g., 0.1
ng/ul [corresponding to about 1 nM]) of either flAlu RNA or
VAI RNA partially inhibited (60% inhibition) PKR autophos-
phorylation in the presence of poly(I) - poly(C) (Fig. 6, lanes 1
and 4). Either of these RNAs at a concentration of 3 ng/u.l (ca.
30 nM) caused a fourfold decrease in kinase activity (Fig. 6,
lanes 3 and 6). Thus, VAI RNA and flAlu RNA were equally
potent PKR antagonists in vitro (Fig. 6, lanes 1 through 6).
Consistent with these results, 10 nM VAI RNA has been pre-
viously observed to inhibit PKR activation (15); therefore, our
results for both the inhibitory activity of VAI RNA and the
dissociation constant of its PKR gel shift complexes agree with
previous determinations. tRNA does not antagonize PKR ac-
tivation (35). Discounting 30% fluctuations in activity, we also
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FIG. 5. Competition by VAI RNA against PKR-RNA gel shift complexes. Labeled RNAs (ca. 0.2 ng or about 0.1 nM [final concentration]) were preincubated with
250 nM PKR [K296R] for 5 min and then incubated for an additional 15 min with different concentrations of unlabeled VAI RNA (2.5 nM [lanes 2, 7, and 12], 25 nM
[lanes 3, 8, and 13], 250 nM [lanes 4, 9, and 14], and 2.5 mM [lanes 5, 10, and 15]) or without VAI RNA competitor (—; lanes 1, 6, and 11). Mobility shift complexes
were analyzed on 5% nondenaturing polyacrylamide gels. The positions of wells (W), free probe (F), and complexes (C) are indicated. The mobilities of the three probes

in the absence of PKR were examined in separate control experiments.
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FIG. 6. flAlu RNA inhibits PKR autophosphorylation in vitro. Recombinant PKR (16 ng/ul) was preincubated with either flAlu RNA (0.1, 0.5, and 3 ng/pl [lanes
1 through 3, respectively]), VAI RNA (0.1, 0.5, and 3 ng/pl [lanes 4 through 6, respectively]), yeast tRNA (0.1, 0.5, 3, and 50 ng/ul [lanes 11 through 14, respectively]),
or buffer (lanes 7 through 10) at 30°C for 6 min. Subsequently, poly(I) - poly(C) (poly I.C.) at 3 ng/ul (lanes 1 through 7 and 10 through 14) and labeled ATP (all lanes)
were added to initiate phosphorylation. Samples were then incubated for 25 min and assayed by SDS-polyacrylamide gel electrophoresis.

observed that tRNA was a relatively ineffective PKR antago-
nist (Fig. 6, lanes 9 through 14). For example, the level of PKR
activity in the presence of 50 ng of tRNA per ml (Fig. 6, lane
14) was 76% of the control level (lane 10).

The concentration of PKR employed in these autophosphor-
ylation experiments (240 nM) was comparable to the dissoci-
ation constants observed for gel shift complexes. However, the
inhibitory effect provided by 1 to 30 nM either flAlu RNA or
VAI RNA was significantly greater than would be expected
from the formation of discrete complexes with a stoichiometry
of only one or two PKR molecules for each RNA, as observed
in gel shift assays. PKR has at least two RNA binding sites, and
it has previously been suggested that one site is involved in
activation and the other is involved in inhibition of PKR kinase
activity (15). PKR also binds unstructured, synthetic single-
stranded RNAs (15). Consequently, small RNAs, such as Alu
and VAI, which contain highly structured regions interspersed
with relatively less structured regions may form higher-order
PKR complexes in addition to discrete gel shift complexes.
Aggregates form when highly purified PKR is titrated with
saturating amounts of dsRNA, leading to the suggestion that
this phenomenon represents a mechanism for inhibiting PKR
with small structured RNAs (4). A second possibility is that
flAlu and VAI RNAs exert their inhibitory effects through
direct competition with poly(I) - poly(C) binding to the dsSRNA
binding domains of PKR and that both the activating and
inhibitory concentrations of dSRNA are much lower than the
PKR concentration.

flAlu RNA antagonizes PKR activity in vivo. Presumably,
any RNA with a sufficient secondary structure may antagonize
PKR activation in vitro (31). We therefore tested the effects of
flAlu RNA on virus-induced PKR activation in vivo (Fig. 7).
Adenovirus infection of 293 cells decreased the activity of PKR
(Fig. 7A, lanes 1 and 2). As assayed by Western blotting, the
level of PKR in this and subsequent experiments was relatively
constant and thus not responsible for differences in its activity

(Fig. 7B). In contrast to wild-type virus, infection with Ad720
(which has a deleted VAI RNA gene [9]) increased PKR
activity (Fig. 7A, lanes 2 and 3). As previously observed, virus-
induced activation of PKR can be inhibited by transient coex-
pression of VAI RNA (1) (Fig. 7A, lanes 4 and 5). VAI RNA
overexpression in this experiment was confirmed by primer
extension analysis (Fig. 7C).

flAlu RNA overexpression also inhibited virus-induced ac-
tivation of PKR (Fig. 7A, lanes 6 and 7). Presumably, endog-
enous levels of flAlu stimulated by viral infection (Fig. 7C) are
insufficient to completely counter virus-induced activation of
PKR. In a comparison of the levels of VAI RNA and flAlu
RNA overexpression (Fig. 7C), relatively low levels of Alu
RNA antagonized PKR to almost the same degree as did much
higher levels (ca. 50-fold) of the positive control, VAI RNA.
As judged by this comparison, flAlu RNA is a potent PKR
antagonist in vivo. Overexpression of scAlu, 7SL, and 5S RNAs
provided negative controls for this experiment. scAlu RNA
had little or no effect on PKR activity, even when it was ex-
pressed at very high levels (approximately the levels of VAI
RNA overexpression employed in these experiments) (Fig. 7A,
lanes 8 and 9, and C). This result was consistent with the
previous observation that scAlu overexpression had little effect
on the expression of the cotransfected luciferase reporter gene
(Fig. 1). Again, scAlu essentially provided a defective Alu
mutant control for possible nonspecific effects of flAlu RNA
overexpression. The transfection of either the 7SL RNA or 5S
RNA gene had no effect on PKR activity in this assay (Fig. 7A,
lanes 10 through 13). The expression of these two RNAs from
their exogenous genes is difficult to document against their
very high levels of endogenous expression (Fig. 7C). Nonethe-
less, we observed less 7SL RNA and 5S RNA in Ad720-in-
fected cells than in control 293 cells; upon transient transfec-
tion, these levels increased. Thus, in contrast to the positive
results for VAI and flAlu RNAs, overexpression of scAlu RNA
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FIG. 7. flAlu RNA inhibits virus-induced PKR activation in vivo. Human 293
cells were transiently transfected for 48 h with 5 or 15 pg of cloned genes to
express various small RNA genes (lanes 4 through 13) or with plasmid DNA
(lanes 1 through 3). The type of small-RNA gene employed in each transfection
is noted above the corresponding lane. Twenty hours prior to being harvested,
cells were mock infected (293; lane 2) or infected with 1 to 5 PFU of either
adenovirus (adv; lane 1) or mutant Ad720 (720; lanes 3 through 13). Seventeen
hours prior to being harvested, cells were treated with interferon (1,000 U/ml).
(A) PKR activity was assayed by in vitro autophosphorylation. (B) PKR protein
levels were determined by Western analysis. No PKR activity or PKR protein was
detected in a mock precipitation control (lane not shown). (C) Primer extension
analysis was employed to assay the levels of expression of various small RNAs in
control cells (293), cells infected with mutant Ad720 (720), and cells transfected
with either 5 or 15 pg of cloned genes for various small RNAs. The relative
amounts of RNA (2 pg is 1X) used in these primer extension assays are indi-
cated.

or expression of exogenous 5S and 7SL RNAs did not signif-
icantly antagonize virus-induced PKR activation.

The effects of flAlu RNA upon PKR activity may result from
unnaturally high levels of overexpression. Previously, we com-
pared the expression levels and PKR binding of endogenous
and exogenous flAlu RNAs (Fig. 3B). That comparison pro-
vided an opportunity to observe the effects of physiologically
relevant levels of flAlu RNA expression and PKR binding on
PKR activity in vivo. PKR activity decreased in a dose-depen-
dent manner with the level of flAlu overexpression (Fig. 8A).
Higher levels of overexpression caused a three- to fourfold
decrease in PKR activity (Fig. 8A, lanes 3 and 4), but even the
lowest level of overexpression tested caused a slight decrease
in PKR activity (lane 2). As previously discussed, the amount
of flAlu RNA associated with PKR apparently increased with
the level of flAlu RNA expression (Fig. 3B). Thus, these data
suggest a correlation among the level of flAlu RNA, its asso-
ciation with PKR, and its effects on PKR activity. Of particular
significance, this decrease in PKR activity (Fig. 8A) was ob-
served at overexpression levels (two- to fourfold) correspond-
ing to the two- to fourfold increases in endogenous levels of
flAlu RNA that resulted from various cellular insults (Fig. 3B).
These observations for PKR activity (Fig. 8A) complemented
the earlier observation that physiologically relevant levels of
flAlu RNA overexpression also increased luciferase reporter
expression in a dose-dependent manner (Fig. 2).

Western analysis showed that the level of PKR was approx-
imately constant (Fig. 8B, lanes 3 through 6), indicating again
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that the effect of lAlu RNA on PKR activity results from a
decrease in its activation. The higher-resolution conditions
used in this experiment resolved a closely spaced doublet of
PKR bands (Fig. 8B, lane 3). Presumably, this doublet resulted
from different degrees of phosphorylation; interestingly, the
slower-mobility band decreased in intensity (Fig. 8B, lanes 4
through 6) in parallel with the decrease in PKR activity caused
by flAlu RNA overexpression (Fig. 8A).

Cycloheximide treatment decreases PKR activity. The role
of PKR and its activation in response to viral infection is well
understood. Since exposing cells to cycloheximide and cell
stress also increases the accumulation of flAlu RNA, we inves-
tigated whether these treatments, like viral infection, affect
PKR activity.

The addition of cycloheximide caused a decrease in PKR
activity and, in agreement with our previous results (6), an
increase in the abundance of flAlu RNA (Fig. 9). The level of
PKR protein was unchanged during the time course of this
experiment (Fig. 9B), indicating that kinase deactivation was
responsible for the decrease in PKR activity. Both the increase
in Alu RNA and the decrease in PKR activity began within 20
min of cycloheximide addition (Fig. 9A). Since cycloheximide-
induced flAlu transcripts bound PKR (Fig. 3B) and since over-
expressed flAlu RNA antagonized PKR activation (Fig. 7), we
hypothesize that flAlu RNA is at least partially responsible for
this initial decrease in PKR activity. However, 4 h after the
addition of cycloheximide, the level of PKR activity was still
low, but short-lived flAlu RNA returned to basal levels (Fig. 9).
While factors other than flAlu RNA may be responsible for
this continuing repression of PKR activity, as discussed above,
PKR may form kinetically stable complexes with RNA antag-
onists, thereby inhibiting its kinase activity even after the RNA
returns to basal level.

DISCUSSION

The rapid, dramatic increases in flAlu RNA in response to
viral infection, cell stress, and translational inhibition have
raised the possibility that these transcripts serve a physiological
role (19, 20, 28, 36). Since each of these treatments also affects
protein synthesis, we tested the effects of flAlu RNA on trans-
lation by using the expression of a reporter gene. Overexpres-
sion of flAlu RNA significantly increased the expression of a
luciferase reporter. Negative controls, particularly one employ-
ing scAlu RNA, indicated that the stimulated expression of this
reporter was not an artifact of RNA overexpression but was
attributable to the specific activity of flAlu RNA. Furthermore,
the levels of Alu overexpression required to cause an increase
in luciferase were comparable to the levels of flAlu RNA
induced by cell stress and viral infection, suggesting that en-
dogenous levels of flAlu RNA have similar effects on transla-
tional expression. Similarly, levels of flAlu RNA overexpres-
sion comparable to those induced by cell stress and viral
infection also caused a decrease in PKR activity, suggesting a
mechanism for the effects of flAlu RNA on translational ex-
pression.

Viral infection and cell stress alter translation by multiple
and redundant pathways, including pathways which initially
increase and subsequently decrease elF-2a phosphorylation,
thereby first repressing and then derepressing translational
initiation (12, 41). Significantly, in both cases, dephosphoryla-
tion of eIF-2« to reactivate translational initiation parallels the
appearance of entirely new mRNA cohorts encoding viral or
heat shock proteins. Inhibition of translational elongation has
previously been reported to decrease elF2a phosphorylation
(42). In agreement with that result, we observed that cyclohex-
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FIG. 8. Effects of flAlu RNA overexpression on PKR activity. (A) Aliquots
of immunoprecipitates from cells transfected with clone XAT as described in the
legend to Fig. 3B were tested for PKR autophosphorylation. Immunoprecipi-
tated samples were from 293 cells transfected with pUC (293; lane 1) and with
2.5, 5, and 10 pg of clone XAT (Alu; lanes 2 through 4, respectively). By
phosphorimager analysis, the levels of PKR activity were 82% (lane 2) and 26%
(lanes 3 and 4) of the activity in the control (lane 1). (B) The levels of PKR in
the same immunoprecipitates were tested by Western analysis with a previously
described antibody (4). The samples were from 293 cells transfected with pUC as
a control (293; lane 3) and with 2.5, 5, and 10 g of clone XAT (Alu; lanes 4
through 6, respectively). As additional controls, cells overexpressing recombinant
PKR (Rec; lane 2) and a mock immunoprecipitation (Mock; lane 1) were ex-
amined. By using a lower percentage of acrylamide and running the gel longer,
a doublet band of PKR was revealed as discussed in the text.

imide treatment caused a very rapid decrease in PKR activity,
which may lead to a decrease in eIF-2a phosphorylation. Pre-
sumably, an increase in translational initiation would be an
initial, regulated cellular response to a decreased rate of trans-
lational elongation. In any event, PKR activity was altered by
each of these three cellular treatments, which also increase the
level of flAlu RNA.

We further observed that flAlu RNA bound PKR both in
vitro and in vivo. In gel mobility shift assays, Alu RNA formed
discrete complexes with PKR. The relationship of these com-
plexes to either the binding of PKR to Alu RNA in vivo or the
inhibition of PKR by Alu RNA is uncertain. However, under
competitive binding conditions, preformed flAlu RNA com-
plexes were relatively stable compared to those formed by VAI
RNA, a well-studied PKR antagonist. Presumably, any RNA
with a sufficient secondary structure could bind to PKR in vitro
(7, 31), but many such RNAs, in the form of stable ribonucle-
oprotein structures, would not be available for PKR binding in
vivo. In agreement with this suggestion, both VAI RNA and
flAlu RNA bound PKR in vivo, but we did not observe any
interaction between PKR and 7SL RNA, which is far more
abundant than is flAlu RNA. As a component of fully formed,
functional signal recognition particles (SRPs), 7SL RNA
would be protected from PKR binding. The most active PKR
inhibitors, as exemplified by VAI RNA, may be highly struc-
tured RNAs which do not serve functions that require being
tightly sequestered in ribonucleoprotein structures. flAlu RNA
is known to bind only the two smallest SRP proteins, presum-
ably making it accessible to PKR in vivo.

flAlu RNA was equally as effective as was VAI RNA in
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FIG. 9. Effects of cycloheximide on PKR activity and flAlu RNA. 293 cells
incubated for 17 h with 1,000 U of interferon per ml were exposed to cyclohex-
imide (100 pg/ml) for the indicated times and then assayed for PKR autophos-
phorylation activity (A) and the level of PKR protein by Western analysis (B).
(C) The abundances of flAlu RNA in the same samples were analyzed by primer
extension at the indicated times. 20, 20 min.

antagonizing the activation of PKR in vitro; more importantly,
overexpressed flAlu RNA also antagonized virus-induced ac-
tivation of PKR in vivo. Interestingly, overexpressed flAlu
RNA antagonized PKR activation to almost the same degree
as did far higher concentrations of VAI RNA, leading us to
conclude that flAlu RNA is indeed a potent PKR inhibitor.
Higher levels of overexpressed scAlu RNA did not cause this
inhibition, showing that the antagonism of PKR by flAlu RNA
is not an artifact of gross overexpression but depends upon the
structure of flAlu RNA.

These observations suggest that endogenous flAlu RNA af-
fects translational expression by inhibiting PKR activation. We
have not yet tested this possibility directly. However, cell stress,
cycloheximide treatment, and viral infection changed PKR ac-
tivity, which presumably modulates changes in protein synthe-
sis caused by these same treatments. We also observed a rather
simple dose-response relationship between the abundance of
exogenously expressed flAlu RNA and the levels of both tran-
siently coexpressed luciferase activity and PKR activity. Fur-
thermore, the increased levels of flAlu RNA caused by viral
infection, translational inhibition, and cell stress were similar
to the levels of flAlu RNA overexpression that stimulated
expression of the luciferase reporter and concomitantly de-
creased PKR activity. Thus, we consider it a possibility that
increases in flAlu RNA caused by these three cellular treat-
ments affect PKR activity and consequently protein synthesis.

As a host defense against viral infection, PKR is activated by
dsRNA to phosphorylate eIF-2a, thereby blocking protein syn-
thesis (8, 41). PKR is also an important signal transducer for
interferon and cytokine induction of gene expression through
regulation of transcription factors NF-«kB and IRF-1 (25, 26).
Viral counterstrategies to block PKR activation include the
synthesis of massive quantities of small RNAs, such as VAI
RNA in the case of adenovirus, to antagonize PKR’s activation
(8, 22, 41). In the most thoroughly studied case of adenovirus,
viral gene products direct the increase in Alu transcription
after infection (36). By binding PKR and antagonizing its ac-
tivation, these induced flAlu transcripts may provide another
viral defense against PKR activation by the host. There are
already many known viral strategies to counter host defenses,
and the existence of yet another is not surprising (41). Of
course, VAI RNA encoded by adenovirus accumulates to a
much higher level than does short-lived flAlu RNA and would
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therefore be expected to serve as a far more effective PKR
antagonist. However, virus-encoded pathways are often dele-
terious to the host cell. A cellular PKR antagonist would not
need to achieve the level of PKR antagonism provided by VAI
RNA. It is noteworthy that VAI deletion mutants, although
impaired, remain viable, indicating that there are redundant
pathways to overcome host defenses (41). Although the phys-
iological function of flAlu RNA cannot be to enhance viral
infectivity, viruses typically co-opt normal cellular regulatory
mechanisms.

As discussed above, a decrease in PKR activity is plausibly
an initial cellular response to the inhibition of translational
elongation caused by drugs such as cycloheximide. More than
20 years ago, Reichman and Penman identified a factor,
termed an activator, which stimulates translational initiation
(37). They demonstrated that this activator is an RNA with a
half-life of about 1 h, which is approximately the short lifetime
of flAlu RNA (6, 16). Like flAlu RNA, activator RNA is
induced by both heat shock and cycloheximide treatment of
cells. Comparing the results of Goldstein et al. (16) to those of
Liu et al. (28), the transient increases in both activator RNA
and flAlu RNA levels in response to cycloheximide are virtu-
ally identical. We suspect that flAlu RNA is this translational
activator. Retrospectively, the antagonism of PKR activation
by the increased levels of flAlu RNA caused by cycloheximide
treatment provides a mechanistic explanation for the observed
biochemical activity of activator RNA upon translational ini-
tiation.

Hemin-regulated initiation factor-2 kinase, a PKR homolog,
phosphorylates elF-2a in response to heat shock, but PKR
itself has no known role in the heat shock response (10).
During long-term heat shock, PKR changes from a soluble
form to an insoluble form (11). We observed transient in-
creases in PKR activity during heat shock recovery. However,
the kinetic relationship of these changes in PKR activity to
transient increases in flAlu RNA abundance during heat shock
recovery is not evident. At present, any proposed function that
PKR may serve during the heat shock response would be
entirely speculative; therefore, identifying the effects that flAlu
RNA may cause by acting on PKR during this period is even
more problematic. However, complex changes in translational
expression occur during both heat shock and heat shock re-
covery and, in part, these changes are regulated by changes in
elF-2a phosphorylation (12). Consequently, PKR and its reg-
ulators are almost certainly involved in the heat shock re-
sponse. As suggested above, activator RNA may be a PKR
regulator which is induced by heat shock (6, 16).

Ideally, the possibility that Alu RNA fulfills a physiological
role would be tested by genetics. Because of their extraordi-
nary copy number, Alu RNAs are not amenable to classical
genetic tests. In Tetrahymena spp., a small, Pol III-transcribed
RNA rapidly accumulates after heat shock and is required for
the establishment of thermal tolerance (13). Interestingly, this
transcript, like human Alu RNAs, is related to 7SL RNA. We
do not know whether there is any relationship between the
function of this gene and the present observations concerning
flAlu RNA. However, there are several intriguing parallels
between these two systems and certainly the Tetrahymena re-
sults provide strong precedence for the functionality of small
heat shock-induced RNAs.

This proposed role for human Alu RNA potentially explains
some unusual evolutionary features of mammalian SINEs. (i)
There is no homology between human Alu RNAs and many
other mammalian SINESs, such as rabbit SINEs (39, 44). Either
SINEs are functionless or their function(s) does not depend
upon sequence but upon some other, higher-order structure.
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However, entirely nonhomologous mammalian SINE RNAs
could antagonize PKR since the binding of PKR to duplex
RNA regions does not depend strongly on the sequence but
rather requires a minimum number of base pairs of sufficient
base pair fidelity (8, 31). Interestingly, the dimeric structure of
human Alu elements may make their transcripts unusually
potent PKR antagonists since each flAlu RNA potentially
binds two molecules of PKR. The results from gel shift assays
support this intriguing possibility. (ii) Individual mammalian
SINEs are weakly promoted; therefore, their expression is eas-
ily repressed (6, 39). Nevertheless, the extremely large number
of SINEs guarantees that many elements are always in active
chromatin domains, thereby permitting a robust transcrip-
tional response in all cell types despite the weakness of their
individual promoters (6, 28). (iii) The short lifetime of SINE
transcripts, which lack other normal cellular functions, makes
them ideally suited to signal PKR. The abundance of a long-
lived RNA serving an essential constitutive function could not
be rapidly and significantly increased without disrupting that
function.

Although an exact physiological role for Alu RNA and more
generally mammalian SINE RNAs remains to be determined,
overexpressed Alu transcripts stimulate translation and almost
certainly do so by antagonizing PKR activation. Adaptation of
these effects to regulate translational expression could provide
a significant selective advantage for the maintenance of SINEs
within the mammalian genome. The induction of Alu RNAs by
cell stress and other treatments and the association between
Alu RNA and PKR suggest that this potential selective advan-
tage is being exploited.
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