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RNA sensors: novel regulators of gene expression
Raymond Kaempfer
The Hebrew University, Hadassah Medical School, Jerusalem, Israel

RNA-mediated control can evolve far more rapidly than mecha-
nisms that rely on proteins, creating selective advantages in adaptive
gene regulation. Recently, evidence has emerged that messenger
RNA is a source of cis-acting RNA elements that sense external sig-
nals and thereby regulate gene expression. With exquisite specificity,
metabolite-sensing riboswitches control the formation or transla-
tion of prokaryotic mRNA. In eukaryotes, RNA sensors in human
antiviral cytokine genes that encode tumour necrosis factor-α
(TNF-α) and interferon-γ (IFN-γ) have been shown to activate
strongly the RNA-dependent protein kinase PKR, a stress kinase that
is also activated by double-stranded RNA—a hallmark of viral infec-
tion. These cis-acting RNA elements in the TNF-α and IFN-γ tran-
scripts function as sensors of intracellular PKR levels and regulate
gene expression at the level of mRNA splicing and translation,
respectively. Although RNA sensors in bacteria may be remnants of
an ancient RNA world, it is likely that they form an integral part 
of higher eukaryotic genomes as well.
EMBO reports 4, 1043–1047 (2003)
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Introduction 
Noncoding RNAs can control gene expression by selectively target-
ing messenger RNA through RNA interference, a process that is
based on pairing between specific, short RNA sequences (for a
review, see Hannon, 2002). Such RNA-mediated control can
evolve far more rapidly than mechanisms that rely on proteins, thus
creating selective advantages in adaptive gene regulation. Recently,
evidence has emerged that mRNA can harbour cis-acting RNA ele-
ments that are powerful regulators of expression. In both prokaryotic
and eukaryotic genes, these elements act as sensors of external sig-
nals through mechanisms of molecular recognition that go beyond
simple base pairing. These RNA sensors function within the cell to
sense nutrients, temperature and stress.

Riboswitches 
The plasticity of nucleic acids in molecular recognition is shown
well by metabolite-sensing elements within RNA, known as
riboswitches. Before the discovery of natural riboswitches, RNA

oligonucleotides selected in vitro were found to fold into unique
shapes that permit recognition of a target (for a review, see Wilson &
Szostak, 1999), such as a particular coenzyme ( Jadhav & Yarus,
2002). RNA aptamers were suggested to exist in vivo after genetic
analysis identified conserved mRNA elements that were essential for
feedback control, for example, in vitamin B12 and riboflavin synthe-
sis (for a review, see Stormo & Ji, 2001). Indeed, aptamers selected 
in vitro for their ability to bind to aminoglycoside antibiotics or a dye
can control translation in vivo when inserted into the 5′-untranslated
region (UTR) of a reporter gene (Werstuck & Green, 1998). Phage
phi29 encodes a 120-nucleotide (nt) packaging RNA (pRNA) that
binds ATP tightly through a sequence that closely resembles an ATP
aptamer selected in vitro (Shu & Guo, 2003).

During the past two years, natural riboswitches have been identi-
fied (for a review, see Lai, 2003). Recent studies have shown that
riboswitches undergo a conformational change on the direct bind-
ing of a ligand and that these elements are used ubiquitously in
prokaryotes to control the generation and translation of mRNA. For
example, riboswitches that sense vitamin B12, thiamine pyrophos-
phate (TPP), flavin mononucleotide (FMN), S-adenosylmethionine
(SAM), lysine, guanine or adenine are predicted to regulate 68 genes
of Bacillus subtilis, and comprise nearly 2% of its genome (Mandal 
et al., 2003). Clearly, RNA has the ability to control fundamental bio-
chemical pathways through its exquisite specificity and affinity for
metabolites and coenzymes. 

The simplest form of an RNA sensor could be the thermosensor
that renders Listeria monocytogenes virulent at 37 °C. At 30 °C, the
Shine–Dalgarno (SD) sequence in the mRNA that encodes a viru-
lence-activating transcription factor is masked, because it pairs
with an upstream sequence in the 5′-UTR; at 37 °C the helix opens
up to permit translation ( Johansson et al., 2002). A similar RNA-
based thermosensor is predicted to function in Rhizobium (Nocker
et al., 2001).

Generally, riboswitches are bipartite in nature, containing an
aptamer module that is a specific sensor and an expression module
that transforms the change in RNA structure, as a result of ligand
binding, into genetic control. This partition facilitates the evolution
of aptamers independent of the expression module used to effect
control. For example, when TPP binds to its ‘thi-box’ aptamer in the
thiM 5′-UTR, this releases a 4-nt strand that can then anneal with the
SD sequence and block translation (Winkler et al., 2002a). Similar
results have been obtained with an Escherichia coli B12 riboswitch,
in which B12 binding precludes ribosome binding (Nou & Kadner,
2000; Nahvi et al., 2002). The FMN aptamer in the riboflavin rib
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RNA 5′ leader forms an anti-terminator by annealing with a down-
stream sequence; when FMN binds, base pairing is precluded, and
this results in premature termination (Winkler et al., 2002b; Mironov
et al., 2002). Similarly, the SAM riboswitch abolishes an anti-
terminator on binding of its ligand (McDaniel et al., 2003; Epshtein
et al., 2003). Premature termination is also activated by the thi-box
(Mironov et al., 2002). 

Because of their more complex function in controlling gene
expression, natural riboswitches are longer (up to 200 nt) than
aptamers selected in vitro solely on the basis of their ligand bind-
ing affinity, which typically are <40 nt. However, the specificity of
natural aptamers for their ligands is generally superior to that of
aptamers selected in vitro. This allows riboswitches to discriminate
between closely related metabolites. Thus, FMN and TPP
riboswitches discriminate against the unphosphorylated precur-
sors riboflavin and thiamine, respectively, by 1,000-fold (Mandal
et al., 2003). The natural G (guanine) aptamer has an affinity of
about 5 nM for G; changes to virtually any atom of this ligand lead
to a drastic reduction in affinity, from tenfold for xanthine to >104-
fold for 2-aminopurine. This implies that the aptamer must contact
almost every atom in G. Notably, a single C to U change in the 
G-box core converts the guanine riboswitch into an adenine
riboswitch (Mandal et al., 2003). This indicates that riboswitches
can evolve rapidly to meet new needs.

RNA sensors in cytokine genes
The RNA-dependent protein kinase PKR is a major mediator of
antiviral and inflammatory responses. This interferon (IFN)- and
tumour necrosis factor (TNF)-inducible serine/threonine stress
kinase is activated in the presence of double-stranded RNA (dsRNA),
a hallmark of viral infection (Ben-Asouli et al., 2002). Once activated,
PKR potently inhibits translation by phosphorylating the α-chain of
eukaryotic initiation factor eIF2, which binds tRNAi

Met in a GTP-
dependent manner. Phospho-eIF2α sequesters eIF2B, the GDP/GTP
exchange factor that is limiting in the cell but crucial for the recy-
cling of eIF2 between successive rounds of initiation; thus, the phos-
phorylation of 10–20% of eIF2α is sufficient to block translation
(Hinnebusch, 2000). This renders translation highly sensitive to inhi-
bition by the activation of PKR. All cells express basal levels of PKR
and use it to regulate their growth not only in response to stress but
also under normal conditions.

PKR remains latent unless exposed to RNA, dsRNA being a
powerful activator. Cells generally lack dsRNA but it is generated
during the replication of RNA and DNA viruses. Activation of PKR
by viral dsRNA leads to the shutdown of protein synthesis, result-
ing in a block of viral replication and selective apoptosis of the
infected cell (Stark et al., 1998). The antiviral action of IFNs and
TNF is based to a major extent on their ability to induce PKR to
high levels, enabling a prompt shutoff of translation when dsRNA
appears after infection. 

PKR contains tandem dsRNA-binding motifs (dsRBMs). In the
cell, most PKR is inactive because dsRBM2 interacts with the kinase
domain and masks the active site. When a single molecule of dsRNA
binds to both dsRBMs, the protein conformation relaxes, and the
ATP binding and dimerization domains are revealed. RNA duplexes
of at least 11–13 bp are needed for this to occur but their nucleotide
sequence is not crucial (Bevilacqua & Cech, 1996). Once ATP is
bound, the PKR dimer undergoes the trans-autophosphorylation
necessary for its own activation. 

Natural regulators of PKR have been discovered recently in the
mRNAs that encode TNF-α and IFN-γ. These cis-acting RNA ele-
ments activate PKR even more potently than does dsRNA and func-
tion as sensors that respond to the level of PKR in the cell (Osman 
et al., 1999; Ben-Asouli et al., 2002). By locally activating PKR,
these RNA sensors regulate TNF-α and IFN-γ gene expression at the
level of mRNA splicing and translation, respectively. TNF-α pre-
mRNA and IFN-γ mRNA mimic viral RNA as activators of PKR 
and may couple their regulated expression to the phosphorylation
of eIF2α, a common outcome of different stress responses.
Importantly, these novel RNA sensors respond to changes in 
intracellular levels of PKR that in turn fluctuate in response to the
inflammatory microenvironment of the cell.

A positive feedback loop in mRNA splicing 
A cis-acting element in the human TNF-α 3′-UTR renders the splic-
ing of TNF-α mRNA not only dependent on the activation of PKR but
also very efficient (Osman et al., 1999). Thus, TNF-α mRNA is
spliced exceptionally well once PKR is activated, which fits with the
key role of TNF-α in preventing autoimmunity (Via et al., 2001).
When this cis-acting RNA element (2-aminopurine response ele-
ment, 2-APRE) is present, mRNA splicing becomes sensitive to inhi-
bition by 2-aminopurine, a PKR inhibitor, and to the expression of
dominant-negative mutant PKR. Located upstream of the AU-rich
instability element, the 104-nt 2-APRE contains a 5′-proximal
stem–loop stabilized by 17 base pairs (Fig. 1). The apical region of
the stem and the loop are phylogenetically conserved. 2-APRE RNA
activates PKR more strongly than dsRNA, inducing eIF2α phospho-
rylation (Osman et al., 1999). Not only is the activation of PKR
required for the splicing of precursor transcripts that contain the 
2-APRE, but increased expression of PKR enhances their splicing by
as much as 20-fold. By contrast, although it is closely related and
homologous to the TNF-α gene, the TNF-β gene lacks this element.
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However, insertion of the 2-APRE into the TNF-β 3′-UTR leads to the
requirement of PKR activation for TNF-β mRNA processing and 
concomitantly, to more efficient splicing (Osman et al., 1999).

Because pre-mRNA that contains a 2-APRE is spliced even more
efficiently when PKR levels rise, the induction of PKR by TNF-α or
other signals during an inflammatory response creates a positive
feedback loop (Fig. 1). The rate of TNF-α mRNA splicing is
increased, mediated by the 2-APRE acting as a sensor for PKR. This
could explain why TNF-α mRNA is expressed rapidly on immune
stimulation ( Jarrous & Kaempfer, 1994), whereas TNF-β mRNA is
spliced sluggishly and expressed late (Osman et al., 1999). Although
it promotes mRNA splicing by activating PKR, the 2-APRE does not
reduce translation (Osman et al., 1999). In the cytoplasm, proteins
may mask the 3′-UTR element, or induce refolding of its structure, to
preclude PKR activation. 

The highly efficient splicing of TNF-α mRNA mediated by the 
2-APRE is lost after the deletion of this element, whereupon splicing
still occurs but at a much slower rate (Osman et al., 1999). Tight con-
trol by the 2-APRE implies that splicing only commences after this
3′-UTR element has been transcribed. Although splicing is mainly
co-transcriptional (Neugebauer & Roth, 1997), the small size of the
TNF-α gene (3.5 kb) favours the rapid completion of primary tran-
scripts before splicing begins. The substrate of PKR in the splicing
reaction remains to be identified. Both PKR (Jeffrey et al., 1995) and
phospho-eIF2α (Kedersha et al., 2002) are abundant in the nucleus,
but whether eIF2 has a role in splicing is not known. The activation
of PKR controls splicing at all TNF-α introns (Jarrous et al., 1996) and
may promote an early stage of spliceosome assembly.

A negative feedback loop in mRNA translation
IFN-γ is essential for protective immunity but when expressed in
excess can induce autoimmune disease (Gerez et al., 1997) and
even toxic shock (Arad et al., 2000). The human IFN-γ gene uses a
novel strategy to attenuate its own expression. Through a pseudo-
knot in its 5′-UTR, IFN-γ mRNA activates PKR, which induces eIF2α
phosphorylation and inhibits its translation. This is the first example
of an mRNA that regulates its own translation by activating PKR and
of PKR activation by an RNA pseudoknot (Ben-Asouli et al., 2002).

Translationally controlled tumour protein (P23/TCTP) mRNA
may also reduce its translation by activating PKR (Bommer et al.,
2002), but an RNA structure responsible for this activation has not
been identified. RNA fragments from the 3′-UTR of cytoskeletal
muscle mRNA (Davis & Watson, 1996; Nussbaum et al., 2002) and
human immunodeficiency virus-1 trans-acting responsive (TAR)
region (Edery et al., 1989; Maitra et al., 1994) induce autophospho-
rylation of PKR in vitro and can inhibit translation in reticulocyte
lysate in trans. However, it remains to be shown whether PKR regu-
lates translation of the corresponding mRNAs in vivo.

In IFN-γ mRNA, a type H pseudoknot, stabilized by a stem of at
least 5 bp, is essential for PKR activation (Fig. 2A; Ben-Asouli et al.,
2002). Mutations that impair pseudoknot formation abolish its ability
to activate PKR and greatly increase the translation of IFN-γ mRNA,
whereas compensatory mutations in the loop that restore pseudo-
knot structure activate PKR and translational repression.
Correspondingly, a nonphosphorylatable mutant eIF2α, the deletion
of the PKR gene and PKR inhibitors 2-aminopurine, the vaccinia E3L
protein or a dominant-negative mutant PKR, enhance the translation
of IFN-γ mRNA. Deletion or mutation of the first 14 nt of the IFN-γ
5′-UTR during evolution would have sufficed to eliminate the

pseudoknot (Fig. 2A) and to enhance translation by as much as 
30-fold. However, the pseudoknot is phylogenetically conserved,
attesting to its crucial role in reducing IFN-γ mRNA translation to
only a fraction of its full potential.
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During the immune response, as IFN-γ and other inflammatory
cytokines build up in the microenvironment of the cell, they induce
higher levels of PKR and thus the pseudoknot activates PKR more
extensively. With the resulting phosphorylation of eIF2α, a negative
feedback loop is created and the production of IFN-γ is progressively
attenuated (Fig. 2B). By contrast, overproduction of IFN-α or IFN-β is
less directly associated with pathology and a pseudoknot motif that
could mediate translational repression is not found in their 5′-UTRs
(Ben-Asouli et al., 2002).

The IFN-γ pseudoknot activates PKR in the vicinity of IFN-γ
mRNA, and gives rise to a localized inhibition of translation rather
than a global effect. Translation of endogenous or foreign mRNA is
insensitive to the nature of the IFN-γmRNA co-expressed in the cell,
whether it is wild type or mutated in the pseudoknot (Ben-Asouli 
et al., 2002). Hence, the pseudoknot in IFN-γ mRNA is a cis-acting
element that regulates only its own translation through the local 
activation of PKR. 

How can a pseudoknot be such a strong PKR activator? The
kinase will bind to dsRNA at least 11–13 bp in length (Bevilacqua &
Cech, 1996), and longer helices (85 bp) are required for maximal
activation (Manche et al., 1992). However, the IFN-γ pseudoknot
contains only a short helix motif in which single nucleotide changes
can abolish its ability to activate PKR (Ben-Asouli et al., 2002).
Folding of the pseudoknot may prevent helix relaxation that can
occur near the ends of linear dsRNA and thus create a more stable
helix for productive interaction with PKR. The pseudoknot stem is
too short to provide the minimal 12 bp needed for binding to both
dsRBMs in PKR. However, non-contiguous short RNA helices can
cooperate in binding and activating PKR (Bevilacqua et al., 1998).
Stacking of the pseudoknot stem with an adjacent helix (Fig. 2A) will
extend the helical domain to a length that is sufficient to interact
with both dsRBMs and to activate PKR. 

IFN-γ mRNA is the first non-viral mammalian mRNA species in
which a pseudoknot has been shown (http://wwwbio.leidenuniv.nl/
~batenburg/PKBGet.html#s8). As the 5′-UTR of IFN-γ mRNA func-
tions in translation by interacting with initiation factors and riboso-
mal subunits, dynamic and reversible changes in the pseudoknot
structure will affect its ability to activate PKR, thus rendering it a 
sensor that responds to ribosomes as well as to stress conditions.

Perspectives
The low number of genes identified within mammalian genomes
shifts the weight of controlling their expression towards the genes
themselves. The discovery of RNA sensors within exonic portions of
human inflammatory cytokine genes significantly expands the
mechanisms within this regulatory repertoire. These findings show
that RNA sensors are found not only in bacteria where conceivably
they are remnants of an ancient RNA world, but also in higher
eukaryotes where they probably form an integral part of their 
modern genomes.

Sequences homologous to the consensus bacterial TPP-
dependent riboswitch occur in lower eukaryotes and plants, such
as in the 3′-UTR of the ThiC gene in Arabidopsis and in a putative
ThiC gene of bluegrass and rice, as well as in the first introns of
the thiamine biosynthetic nmt-1 gene in Neurospora and of a
putative ThiC gene in Fusarium (Sudarsan et al., 2003). Whether
such sequences function as riboswitches needs to be shown but
these findings suggest that introns could also serve as a source of
RNA sensors.

In eukaryotes, the concept that cellular genes encode RNA ele-
ments that regulate mRNA splicing and translation by activating PKR
is new. This opens a line of investigation into the nature of RNA
structures that regulate this kinase and their role as sensors of cellu-
lar stress and of the inflammatory microenvironment of the cell. An
intriguing question is why the genes for TNF-α and IFN-γ, a synergis-
tic pair of immunomodulators crucial for cellular immunity and
antiviral responses, activate PKR for their control, a strategy usually
associated with viral replication. Rather than these cytokine genes
mimicking viruses, it is tempting to speculate that viruses may have
borrowed the ability to activate PKR from cellular genes. Beyond
inflammatory cytokine genes, natural RNA regulators of PKR may be
found more widely in those transcripts whose highly efficient splicing
or tightly controlled translation pose selective advantages.

Use of RNA sensors as ligand-dependent switches in prokaryotes,
and more broadly as regulators of eukaryotic mRNA formation and
function, provides an enormous potential for controlling gene
expression, given the exquisite sensitivity and specificity of RNA in
molecular sensing. Such RNA elements could also provide a potent
new means for controlling gene expression by design and they may
constitute a new class of drug targets, for example, for antimicrobial
or anti-inflammatory agents.
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